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Flavors described as grassy, beany and leafy have been at-
tributed to n-hexanal, (2E)- and (3Z)-hexenals which evolve from 
plant tissues upon wounding or homogenization. Although these 
volatile aldehydes have been familiar to a mankind, the biosyn-
thetic pathway of these aldehydes had not been elucidated until 
recently. Early workers reported that these aldehydes originated 
from linoleic and/or linolenic acids and that their formation 
required oxygen and enzyme activity [1, 2]. In 1973, Tressl and 
Drawert [3) firstly reported that these volatile aldehydes formed 
directly from fatty acid hydroperoxide by an enzyme which is 
later termed hydroperoxide lyase by Vick and Zimmerman [4]. On 
the other hand, it has been long known that lipoxygenase which 
catalyzes the incorporation of molecular oxygen into polyunsatu-
rated fatty acid to form a fatty acid hydroperoxide is present in 
a wide variety of higher plants [5]. These observations and 
subsequent intense researches have shown that the formation of 
the aldehydes is carried out by sequential reactions of lipids as 
depicted in Fig. 1 [6]. That is, (1) linoleic and linolenic acids 
are liberated from galactolipid, phospholipid and triglyceride by 
lipolytic enzymes [7], and (2) these free fatty acids are oxi-
dized to form their hydroperoxides by oxygenation catalyzed by 
lipoxygenase, then (3) the fatty acid chains of the hydroperox-
ides are cleaved between the hydroperoxide group and the a-ole-
finic carbon by fatty acid hydroperoxide lyase to form an alde-
hyde and an oxoacid. In some plants the formed aldehydes are 
further converted into the other forms either by isomerization 
[8) or reduction to form respective alcohols [6]. Although the 
biosynthetic pathway and the participating enzymes have been 
fully elucidated as above, physiological role(s) of this system 
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F i g . 1. Short chain aldehyde-forming system in plants. 
is still in enigma. It was thought to be needed to characterize 
the enzymes involved in the system by biochemical and physiologi-
cal manners to elucidate still-unknown physiological role(s) of 
the system. In this thesis the author attempted to characterize 
fatty acid hydroperoxide lyase and lipoxygenase in several kinds 
of plant species to attain the final end. 
One of the enzyme involved in the system, fatty acid hydroper-
oxide lyase, affords cleavage of either 9-hydroperoxides or 13-
hydroperoxides into either two c9 fragments or c6 and cl2 frag-
ments, respectively (Fig. 1). This enzyme has been attracted much 
attention because its products, volatile aldehydes, have been 
well known to cause pleasant and in some cases unpleasant flavors 
of processed foods originated from plants. The cleavage reaction 
~~Lformed by the lyase resembles a known acid-catalyzed cleavage 
uf the hydroperoxide. Although labeling experiment by using 
oxygen-18 supported that the acid-catalyzed, heterolytic cleavage 
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is performed by this enzyme [9), the precise mechanism of the 
reaction has not been fully elucidated. This enzyme mostly asso-
ciates with membrane and its content in plant tissues is always 
extremely low [10), which is presumably a reason for little 
progress with its isolation. The author purified fatty acid 
hydroperoxide lyase from tea leaves and revealed its properties, 
which will appear in Chapters 1 and 2. In Chapter 3, partial 
purification to separate two isozymes of fatty acid hydroperox i de 
lyase in cucumber cotyledons will be also descr1bed. 
The other enzyme involving in the system, lipoxygenase, has 
been well known to be a key enzyme in arachidonate cascade in 
mammalian cells to form varieties of compounds including leuko-
trlenes which show various effects on the cells such as anti-
inflammation [11) . In plants, the enzyme in legume seeds or 
cereal grains have been mostly investigated, but recent research-
es indicate that it exists in wide variety of plant species 
including lower plant such as green algae and cyanobacteria [12, 
13]. Furthermore, it has been reported that it exists in most 
plant tissues including cotyledons, leaves, roots, stems, fruits 
and so on, in some cases as a soluble-form and in the other cases 
as a membrane associated-form [10]. Above all, lipoxygenase in 
cucumber cotyledons is a suitable specimen to elucidate physlo-
logical role of this enzyme because cotyledons have specialized 
roles in early growth of plants. In Chapter 4 and 5, properties 
of lipoxygenase from cucumber cotyledons and its developmental 
change during early growth will be described. On the other hand, 
the author firstly detected lipoxygenase activity in a bryophyte, 
Marchantia polymorpha cultured cells. Cultured cells also have 
advantages to elucidate physiological role of lipoxygenase be-
cause the growth and state of the cells would be easily regulat-
ed. In Chapter 6, purification and properties of lipoxygenase in 
M. polymorpha will be described. 
Reaction mechanism of lipoxygenase has been intensely investi-
gated with soybean l1poxygenase-l which has been used as a model. 
The enzyme catalyzes oxygenation of the (Z),(Z)-pentadiene moiety 
of polyunsaturated fatty acids into enantiomeric hydroperoxide 
with (Z),(E)-diene conjugation. This enzyme contains a non-heme 
iron essential to catalysis. The prosthetic group exists as 
Fe(III)-state in an active enzyme. The iron is reduced to ferrous 
state while removing pro-(S) hydrogen from the bis allylic meth-
ylene in a substrate. Molecular oxygen is introduced to the 
resultant alkyl radical in an antrafacial manner to form a peroxy 
radical which in turn is nonenzymatically reduced to fatty acid 
hydroperoxide (12]. In the case of soybean lipoxygenase-1, Cl3-
position of linoleic and linolenic acids is oxygenized specifi-
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Fig. 2. Mechanism of the dioxygenase reaction catalyzed by lipox-
ygenases. Linoleic acid as substrate. 
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Other types of lipoxygenase such as 1n potato tuber or wheat seed 
removes pro-(R) hydrogen from the c11 -methylene in linole1c and 
linolenic ac1ds specifically to form their 9-(S)-hydroperoxldes 
(Fig. 2). Because lipoxygenase locates in a division point of the 
volatile aldehyde forming system, substrate and product specific-
ities of lipoxygenase must play an important role in the system. 
In Chapter 7, substrate and product specificity of plant lipox-
ygenases having different properties will be described. 
Chapter 1. Purification of fatty acid hydroperoxide lyase from 
tea leaves 
INTRODUCTION 
Volatile aldehydes of chain lengths c 6 and c 9 are widely 
distributed in fresh leaves, vegetables and fruits (6, 13). These 
aldehydes are rapidly formed from endogenous lipids when plant 
cells are wounded in the presence of oxygen. Lipolytic acyl 
hydrolase liberates linoleic and linolenic acids which in turn 
are converted to 13- or 9-hydroperoxides by lipoxygenase. Hydrop-
eroxide cleaving enzyme named as fatty acid hydroperoxide lyase 
(HPO lyase) by Vick and Zimmerman [4) cleaves 13-hydroperoxides 
to form c6-aldehydes and cl2-oxoacid or 9-hydroperoxides to form 
C9-aldehydes and c 9-oxoacid [6, 13) . It was reported that par-
tially purified HPO lyase from cucumber fruits could cleave both 
9- and 13-hydroperoxides [14), and the author separated 9-hydrop-
eroxide specific and 13-hydroperoxide specific lyases from cucum-
ber seedlings (see Chapter 3). 
Although HPO lyase is thought to be an important enzyme for 
food processing, little information was given about the proper-
ties of this enzyme [10, 15), mainly because this enzyme has not 
been purified homogeneously yet. Membrane-binding and a low 
amount of HPO lyase in plant cells make the purification of this 
enzyme difficult. In this chapter, the author purified HPO lyase 
from tea leaves to a homogenenous state and investigated its 
properties. 
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MATERIALS AND METHODS 
Enzyme assay. 13-(S)-Hydroperoxy-(9Z,llE)-octadecadienoic 
acid (LA 13-HPO) was prepared by oxygenation of linoleic acid 
with soybean lipoxygenase-1 (Sigma, type I) (see Chapter 7). 
Stock solution of LA 13-HPO (0.5 Min ethanol) was kept at -20"C 
and used within a month. For the assay of HPO lyase activity, 10 
pl of the stock LA 13-HPO solution was added into 10 ml of 0.1 M 
K-phosphate, pH 7.5, containing enzyme solution in 50 ml flask 
and capped with a rubber stopper. After incubation for 9 min at 
35"C with vigorous shaking, head space gas (6 ml) was directly 
introduced to GLC system equipped with a PEG 20M (3.0 mm x 3.0 m) 
column. Column temperature was lOO"C and a flow rate of N2 gas 
was 60 ml/min. Detection was carried out with a flame-ionization 
detector held at 150 C. The amount of n-hexanal was determined 
with the peak area by a calibration curve constructed with the 
authentic n-hexanal. The activity was expressed as the amount of 
n-hexanal formed (pmol) from LA 13-HPO during 9 min. For determi-
nation of the substrate specificity of HPO lyase, spectrophoto-
metric assay by following decrease of the absorbance at 234 nm 
was used. To 0.1 M K-phosphate, pH 7.5, containing appropriate 
amount of the purified HPO lyase I, 10 pl of the substrate solu-
tion (5 mM in ethanol) was added and incubated for 10 min at 
25"C. Products were identified by the retention time of HPLC of 
the respective 2,4-dinitrophenylhydrazone derivatives with a 
Zorbax ODS column (4.6 x 150 mm) eluted with acetonltrile/dis-
tilled water/acetic acid = 6/4/0.01 (vjv) as detected by the 
absorbance at 350 nm. As authentic specimens, n-hexanal (Kanto 
Chemical, Japan), and (3Z)- and (2E)-hexenal ( kindly provided 
from Nippon zeon, Japan) were used. Water insoluble inh1bitors 
were dissolved in ethanol. Final concentration of ethanol in the 
assay m1xture was always below 0.5% (v/v). Presence of 0.5% 
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ethanol did not affect the HPO lyase activity. 
Fractionation centrifugation. To fresh tea leaves cut into 
small pieces by a razor blade (50 g fr. wt) 150 ml of 0.1 M K-
phosphate, pH 7.0, containing 3 mM glutathione, 5 mM Na-ascor-
bate, 3 mM EDTA and various amounts of solid PVP K-30 (for cos-
metics, Wako Pure Chemicals, Japan) were added and homogenized 
with a blendor (Tohshiba, Japan) for 2 min at 4°C. After filtra-
tion through four - layers of cheesecloth, the homogenate was 
successively centrifuged at 1000 g for 10 min, 4000 g for 10 min, 
20,000 g for 20 min and 100,000 g for 60 min . Each precipitate 
was resuspended in 0.1 M K-phosphate, pH 7.0. 
Purification of HPO lyase . Fresh tea leaves (300 g fr. wt) 
were homogenized with 0.1 M K-phosphate, pH 7.0, containing 4% 
(w / v) PVP K-30, 3 mM glutathione, 5 mM Na- ascorbate and 3 mM EDTA 
using a blender. After filtration through eight layers of cheese-
cloth, the homogenate was centrifuged at 1000 g for 10 min. The 
resultant supernatant was centrifuged at 100,000 g for 60 min. 
The membrane fraction was resuspended in 50 mM K-phosphate, pH 
7.0, and chlorophyll content was adjusted to 50 pgjml by dilution 
with the same buffer. To the membrane fraction, Triton X-100 was 
added to 0.15% (w/v). The mixture was stirred for 60 min on ice 
and centrifuged at 100,000 g for 60 min. The supernatant (solubi-
lized enzyme fraction) was stirred for 60 min on ice after the 
addition of solid PEG 6000 to 13% (w/v), and centrifuged at 
12,000 g for 10 min at 7 °C. After further addition of solid PEG 
6000 to 30% (w/ v), the supernatant was stirred for 180 min on 
ice. The precipitate obtained by centrifugation at 12,000 g for 
10 min at 7oc was dissolved in 50 ml of 20 mM Tris-Cl, pH 8.5, 
containing 0.1% Triton X-114 (TT buffer) and incubated for addi-
tional 30 min with shaking on ice. After centrifugation at 20,000 
R 
g for 20 min to remove insoluble materials, the supernatant was 
applied to a DEAE-Cellulofine A-500 column (Seikagaku Kohgyo, 
Japan; 21 x 305 mm) equilibrated with the TT buffer . HPO lyase 
activity was eluted with 0-0.5 M KCl gradient formed in TT buff-
er. Active fractions were collected and dialyzed against TT 
buffer for 6 h with three changes of the buffer. The dialyzed 
enzyme was applied to a DEAE-Toyopearl 650M column (Tosch, Japan; 
19 x 170 mm) equilibrated with TT buffer, and HPO lyase activity 
was eluted with 0 - 0.5 M KCl gradient formed in TT buffer. Active 
fractions were collected and dialyzed against 10 mM K-phosphate, 
pH 6.8, containing 0.1% Triton X-114 (KT buffer) for 6 h with 
three changes . The enzyme was applied to a hydrox yl apatite Bie-
Gel HT column (Bio-Rad; 10 x 95 mm) equilibrated with KT buffer, 
and HPO lyase was eluted with 10-400 mM K-phosphate gradient in 
KT buffer. 
Protein and chlorophyll content . Protein content was estimat-
ed by the modified method of Lowry [16} with bovine serum albumin 
as a standard . Chlorophyll content was determi n e d by the me thod 
of Arnon [17}. 
RESULTS AND DI SCUSSION 
Effect of homogenizing conditions on the activity and is 
membrane-binding state of HPO lyase. Because tea leaves were 
rich in polyphenols which would aggregate proteins during macera-
tion of the tissue (18], effect of the addition of the polyphe-
nol-adsorbing, polyvinylpyrrolidone (PVP) on the HPO lyase activ-
ity and its membrane-binding state were investigated. After ho-
mogenization of fresh tea leaves with three volumes of the ho-
mogenizing medium with and without addition of soluble PVP (PVP 











Fig. 1-1. Effect of PVP-K30 on the distribu-
tion of HPO lyase activity in tea leaves. Tea 
leaves were homogenized with the indicated 
concentration of PVP-K30 and 30 ml of each 
homogenate was successively centrifuged at 
1000 g for 10 min, 4000 g for 10 min, 20,000 
g for 20 min and 100,000 g for 60 min. The 
total activity in 1000 g ppt ([] ), 4000 g ppt 
< o >. 20. ooo g ppt < m >. 1 oo. ooo g ppt < EJ > 
and 100,000 g supernatant ([] ) were deter-
mined by the head space assay method. HPO 
lyase activity was expressed as the total 
amount of hexanal formed from each fraction 







20,000 g, and 100,000 g precipitates and 100,000 g supernatant by 
successive centrifugations, and the activity in each fraction was 
determined (Fig. 1-1). As increasing the PVP concentration to 4 %, 
total HPO lyase activity in the homogenate gradually increased 
and finally reached about 2.5-fold of the activity obtained 
without PVP. Up to 2% of PVP, increase of the total activity was 
mostly attributed to the increase of the activity in the 1000 g 
precipitate fraction, but the addition of more PVP decreased the 
activity in 1000 g precipitate while those in 4000 g, 20,000 g 
and 100,000 g precipitate fractions were much enhanced. Addition 
of more PVP than 4% up to 10% resulted in no further change on 
the total activity and on the distribution profile of the activi-
ty. It was likely that PVP changed the binding nature of HPO 
lyase with tea leaf membrane because solubilization of HPO lyase 
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from whole membrane fraction prepared without PVP needed as much 
as 0.7% Triton X-100 although 0.15% Triton X-100 was enough to 
solubilize the activity from the membrane fraction prepared with 
4 b PVP. Previously it was reported that HPO lyase in tea leaves 
tightly bound to chloroplast membranes [19]. The results shown 
above suggests that polyphenols oxid1zed by polyphenol oxidase 
during maceration non-specifically bind to HPO lyase and cause 
the aggregation of the enzyme with other proteins or membrane 
constituents, which would be easily sedimented with centrifuga-
tion at low gravity [20]. 
Purification of HPO lyase. Tea leaves were homogenized with 
the buffer containing 4 PVP K-30, glutathione and ascorbate. In 
order to obtain the starting material of a high specific activi-
ty, 1000 g precipitate was discarded and the resultant superna-
tant was centrifuged at 100,000 g for 60 min to get the membrane 
fraction. At this step, only 50% of the initial activity could be 
obtained, but the specific activity was increased by 3.61-fold 
(Table 1-1). Treatment of the membrane fraction with 0.15% Triton 
Table 1-1. Purification of hydroperoxtde lyase from tea leaves 
Total Total Spectfic 
protein activity acttvity Yteld Purification 
(mg) (,umol) (,umol mg - 1) (%) (fold) 
Crude homogenate 9515 1444 015 100 
Membrane 1332 720 0.54 49.9 3.61 
Solubilized 925 1383 1.5 95.8 9.97 
PEG 6000 73.5 799 10.9 55.4 72.5 
D EA E-Cellulofine 2.49 366 147 25.4 984 
DEAE-Toyopearl nd* 160 11.1 
Hydroxyl Apatite 
Fraction I 0.055 44.7 87:! 3.10 5816 
Fraction II 0.010 9.84 879 0.68 5860 
*nd; not determined. 
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X-100 and following separation of the solubilized enzyme by 
centrifugation doubled HPO lyase activity. Because the activity 
was enhanced only by the addition of Triton X-100 to the membrane 
fraction, this detergent by itself may activate HPO lyase. Other 
detergents, Tween 20 and Tween 80, also enhanced the activity, 
although these detergents could solubilize much less activity 
(data not shown). Fractionation with PEG 6000 (13-30%, w/v) 
effectively concentrated and purified the enzyme . This fraction 
was most stable in 20 mM Tris-Cl, pH 8.5 containing 0.1% Triton 
X-114, and essentially no activity was lost during keeping at 4°C 
for 96 h. With deoxycholic acid or Tween 20, 75 and 35% of the 
initial activity was lost during 96 h, respectively. About 45% of 
the initial activity was lost during 96 h even with Triton X-100 
which has almost homologous structure w1th Triton X-114. Rela-
tively low HLB {hydrophilic-lipophilic balance) value of Triton 
X-114 (12.4) might be effective to stabilize the activity . Then, 
the PEG 6000 fraction was dissolved in 20 mM Tris-Cl, pH 8.5, 
containing 0 . 1% Triton X-114. 
Although HPO lyase activity was eluted as a single activity 
peak in DEAE-Cellulofine and DEAE-Toyopear1 chromatographies, 
further purification by hydroxylapatite chromatography separated 
the HPO lyase activity into two fractions (Fig. 1- 2). The frac-
tion eluted first was designated as HPO lyase I and that eluted 
secondly was as HPO lyase II. HPO lyases I and II were revealed 
to be almost homogeneous on SDS-polyacrylamide gel electrophore-
sis and Mr were estimated to be 55,000 and 53,000, respectively 
(Fig. 1-3). With estimation by gel filtration method, the Mr of 
the partially purified HPO lyase from tomato fruit [21] and 
watermelon seedlings (4] were reported to be over 200,000. Olias 
et al. reported Mr of HPO lyase from germinating soybean seed-
lings to be 240,000-260,000 by gel filtration method but 62,000 














Fig. 1-2. Elution profiles of HPO lyase in 
tea leaves on a hydroxylapatite column. The 
active fraction of the DEAE-Toyopearl 650M 
chromatography was collected and applied to a 
Bio-Gel HT column, and then eluted with a K-
phosphate gradient(--). HPO lyase activity(() 








Fig. 1-3. 50S-polyacrylamide gel electropho-
resis of the purified HPO lyase. Purified HPO 
lyase I (lane 2) and II (lane 3) and HPO 
lyase : kept at 4•c for one week (lane 4 ) 
were analyzed with SDS-polyacrylamide gel 
electrophoresis ( 12. 5'• gel). The Mr standards 
used (lane 1) were: soybean lipoxygenase-1 
(94,000), bovine serum albumin (68,000) and 
yeast alcohol dehydrogenase (41.000). 
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the native form of tea leaf HPO lyase has not been estimated, it 
may exists as a tetramer. Recently, other type of HPO lyase 
partially purified from cyanobacteria [23] and green algae (24], 
which forms pentane but not hexanal from LA 13-HPO, was reported 
to have Mr of about 56,000 and 48,000, respectively. 
Comparison of HPO lyases I and II. In order to reveal whether 
HPO lyases I and II are isoenzyme or not, pH-activity profiles of 
these two preparations were compared . Almost the same profiles 
and the same optimum pHs of 7.5 were obtained with both the 
fractions by the head-space method. When purified HPO lyase I was 
kept at 4oc for a week, new protein band having the same mobility 
with HPO lyase II appeared on 80S-polyacrylamide gel electropho-
resis (Fig. 1-3). The appearance of HPO lyase II was not observed 
when HPO lyase I was kept at -20°C. This result suggests that HPO 
lyase II is a partially digested form of HPO lyase I. However, 
the addition of neither 10 mM diisopropyl fluorophosphate, 1 mM 
p-chloromercuribenzoate, 5 mM EDTA nor 10 pg/ml pepstatin A to 
the purified HPO lyase I prevented the appearance of the new 
protein band. It must be noted that HPO lyases I and II had 
almost the same specific activity (Table 1-1). 
Inhibitors. In order to gain information about the active 
site of HPO lyase in tea leaves, inhibitors for the activity were 
systematically investigated with purified HPO lyase I. As report-
ed before for HPO lyases of several plant tissues (15], metal 
chelating reagents such as EDTA, Tiron, diethylenetriaminepentaa-
cetic acid, o-phenanthroline and sodium azide or metal cations 
such as Ca2+, Cu2+, Fe2+, Fe3+ and Mn2+ (all tested at 1 mM) did 
not affect the activity. However, 1 mM Hg2+ effectively inhibited 
(Table 1-2). Other sulfhydryl reagents, p-chloromercuribenzoate 
and monoiodoacetate, moderately inhibited the activity as report-
14 
Table 1-2 · Effect of reagents on hydroperoxidc lyase actl'-11} 
Rcmainmg act1v1ty {%) 
Reagents 0.2mM lmM 
Cumene hydroperox1dc 71 4 
tert-Butyl hydroperoxide 94 I 
Methylene blue 19.4 
Butylated hydroxyamsole 69 6 14.4 
Butylated hydroxytoluene 102 4 89 4 
nor·Dihydroguaiare11c acid 13 4 0 
Esculetm ~~!! 66.3 
p-Chloromercuribenwate 74.7 440 
HgCI 2 3.6 0 
Monoiodoacetate 87.9 60.7 
Diethyldit h1ocarbama te 84 3 702 
ed w1th HPO lyases from watermelon seedlings (4], cucumber fruits 
(14] and tomato fruits [21]. These results suggest the participa-
tion of sulfhydryl group in the reaction center of HPO lyase or 
in the conformation of the enzyme. The electron transfer media-
tor, methylene blue (0.2 mM) inhibited over 80% of the activity, 
but dichlorophenolindophenol (0.2 mM) did not. Although it was 
expected that organic hydroperoxide competitively inhibited the 
activity, cumene hydroperoxide inhibited only slightly and tert-
butyl hydroperoxide did not (Table 1-2). Recently Andrianarison 
et al. reported that the inhibitors for l1poxygenase which have 
phenolic hydroxyl groups are also good inhibitors for HPO lyase 
of cyanobacteria [23]. This was also the case with HPO lyase 
purified from tea leaves. Nordihydroguaiaretic acid and butylated 
hydroxyanisole were potent inhibitors, and esculetin was a moder-
ate inhibitor (Table 1-2). Butylated hydroxytoluene which has 
almost the same structure with butylated hydroxyanisole did not 
cause substantial effect on the activity. This suggests that the 
inhibitior of HPO lyase has a high structural requ1rement. 
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Substrate and product specificity. LA 13-HPO, yLNA 13-HPO 
and a LNA 13-HPO were prepared by soybean lipoxygenase-1. Because 
these hydroperoxides contained less than 3% of geometrical and 
positional heterogeneity, they were used as substrates of HPO 
lyase I without further purification. Relative activities were 
determined by following a decrease of the absorbance at 234 nm 
due to conjugated diene of the substrates. The initial velocities 
of the purified HPO lyase for LA 13-HPO, aLNA 13-HPO and y LNA 
13-HPO were determined to be 100, 920 and 7%, respectively. This 
indicates that HPO lyase from tea leaves has a strict substrate 
specificity. The products, c6 -aldehydes and c12-oxoacid, were 
converted to respective 2,4-dinitrophenylhydrazone derivatives 
and analyzed with reversed phase HPLC with detection at 350 nm. 
Comparison of the retention time with those of authentic speci-
mens revealed that (3Z)-hexenal but not (2E)-hexenal was formed 
from aLNA 13-HPO, and that l2-oxo-(9Z)-dodecenoic acid but not 
the lOE-isomer was formed from both LA 13-HPO and y LNA 13-HPO. 
These results suggest that HPO lyase retains Z-configuration in 
substrates, and the isomerization to the E-isomer occurs after 
the cleavage reaction of HPO lyase. 
SUMMARY 
Hydroperoxide cleaving enzyme, hydroperoxide lyase (HPO 
lyase), was first purified to homogeneous state from membrane 
fraction of tea leaves. The activity was separated by hydroxyla-
patite gel chromatography into two fractions, HPO lyases I and 
II, and their molecular weights were 55,000 and 53,000, respec-
tively, as estimated by SDS-polyacrylamide gel electrophoresis. 
Several lines of evidence are presented to show that HPO lyase I 
is a native form. Almost the same pH-activity profiles were ob-
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served with these two forms of HPO lyase. Antioxidants which are 
potent inhibitors for lipoxygenase such as nordihydroguaiaretic 
acid and butylated hydroxyanisole inhibited the activity of HPO 
lyase I. Activity for 13-hydroperoxide of a -linolenic acid was 
about 10 times higher than that for 13-hydroperoxide of linoleic 
acid, but positional isomer, 13-hydroperoxide of y -linolenic 
acid was a poor substrate. 
Chapter 2. Inactivation of Tea Leaf Hydroperoxide Lyase by 
Fatty Acid Hydroperoxide 
INTRODUCTION 
Fatty acid hydroperoxide lyase (HPO lyase) is the enzyme which 
cleaves fatty acid hydroperoxide to form short-chain aldehydes 
and is ubiquitous in the plant kingdom. The hydroperoxides (HPOs) 
of either linoleic or linolenic acids are the natural substrates 
of the enzyme. This enzyme plays a key role in the formation of 
the flavor of certain leaves, fruits, and vegetables. Flavors 
described as grassy, beany, and leafy have been attributed to the 
products of this enzyme, and in some cases they cause pleasant 
and in other cases unpleasant flavors [15] . Although the impor-
tance of this enzyme in food processing has been well recognized, 
investigation on the properties and reaction mechanisms of the 
enzyme have been scarcely reported. In tea leaves, 13-(S)-hydrop-
eroxy-(9Z,llE)-octadecadienoic acid (LA 13-HPO) is formed from 
linoleic acid by lipoxygenase, and this HPO is cleaved into n-
hexanal and 12-oxo-(9Z)-dodecenoic acid by HPO lyase. n-Hexanal 
and (3E)-hexenal (formed from linolenic acid) have been shown to 
be important components in tea flavor. The author first purified 
HPO lyase from tea leaves and elucidated some properties (see 
Chapter 1) . Tea leaf HPO lyase preferentially cleaves fatty acid 
13-HPO, while the 9-isomer is a poor substrate. Because Hg2 + and 
p-chloromercuribenzoic acid strongly inhibited the activity, 
participation of an SH-group in the reaction was proposed. During 
further investigation to reveal the reaction mechanism, the 
author found that the enzyme was rapidly inactivated by its 
natural substrates, fatty acid HPOs . HPOs are potentially reac-
tive to cause deterioration of food proteins or amino acids [25]. 
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However, the effect of HPOs on enzyme activity has not been 
reported. In this chapter, kinetics and mechanism of inactivation 
of tea leaf HPO lyase by fatty acid HPOs are described. 
MATERIALS AND METHODS 
Materials. Linoleic acid (LA} 13-hydroperoxide (HPO) and LA 
9-HPO were prepared from LA (Wake Pure Chemicals, Osaka, Japan) 
using soybean lipoxygenase (Sigma, type I) and potato tuber 
lipoxygenase, respectively. Both the HPOs contained less than 10% 
of geometrical and positional isomers. LA 13-hydroxide was pre-
pared by the reduction of LA 13-HPO by sodium borohydride. Other 
chemicals were of reagent grade. 
Methods. Enzyme Preparation. HPO lyase was purified from tea 
leaves grown in the University's tea garden essentially as de-
scribed in previous chapter, but the first DEAE-Cellulofine 
chromatography was omitted . The specific activity of HPO lyase 
was 18 U/mg protein under the standard assay condition described 
below . Although HPO lyase activity was separated by hydroxylapa-
tite chromatography into HPO lyases I and II, only HPO lyase I 
was used because this isoform is a native form, and, in this 
chapter it is simply denoted HPO lyase. Alcohol dehydrogenase 
(120 U/mg protein, from yeast) was purchased from Oriental Yeast 
Co. (Osaka, Japan) . 
Determination of Enzyme Activities. HPO lyase activity was 
measured by the decrease of absorbance at 236 nm caused by conju-
gated diene of LA 13-HPO at 25°C. A typical reaction mixture 
contained 50 mM 2-(N-morpholino)-ethanesulfonic acid (MES)-KOH, 
pH 5.5, 40 pM LA 13-HPO and enzyme in a total volume of 1 ml. 
Alcohol dehydrogenase was measured by the decrease of absorbance 
at 340 nm caused by NADH at 25°C [26]. A typical reaction mixture 
contained 100 mM Na-phosphate buffer, pH 7.0, 10 mM ~-mercapto­
ethanol, 100 mM acetaldehyde, 0.1 mM NADH and enzyme in a total 
volume of 1 ml. One unit of the HPO lyase and alcohol dehydroge-
nase activit1es were defined as the amount of enzyme consuming 1 
pmol LA 13-HPO and NADH for 1 min using 25,000 and 6220 M- 1cm- 1 
as the extinction coefficients, respectively. Inactivation kinet-
ics of HPO lyase by LA 13-HPO was followed by the determination 
of reaction velocities at 15 or 20 second intervals for 10 min 
using a Shimadzu (Kyoto, Japan) MPS-2000 multi-purpose spectro-
photometer at 2s•c. Otherwise, HPO lyase and alcohol dehydroge-
nase were incubated with HPO for 10 min, then, the residual 
activities were measured after 10- or 100-fold dilution with the 
assay mixture containing respective substrates. Details are de-
scribed in the legends to Figures and Tables. 
Protein and HPO Determinations. The amount of HPO group was 
determined by the ferrous thiocyanate method as described in 
[27]. Protein content was determined by the mod1fied Lowry's 
method [16] using bovine serum albumin as a standard. 
RESULTS AND DISCUSSION 
For determination of HPO lyase activity, the author previously 
quantified the amount of a volatile product, n-hexanal, formed 
from LA 13-HPO in the head space of a reaction vessel by GLC 
reference. In this chapter, however, the decrease of the absorp-
tion at 236 nm caused by LA 13-HPO was followed in order to 
observed k1netics of HPO lyase reaction. As shown by the traces 
in Fig. 2-1, the addition of the enzyme to LA 13-HPO resulted in 
a decrease of the absorption with no apparent lag phase. No other 
change in absorbance in a range between 190 and 350 nm was ob-













Fig. 2-1. Breakdown of LA 13-HPO by tea leaf HPO lyase. The reac-
tion mixture contained 35.6 pM LA 13-HPO and 1.74 (trace A), 4.64 
(trace B) or 17.4 (trace C) nM HPO lyase in 50 mM MES-KOH, pH 5.5 
(total volume, 1 ml). Reaction were initiated by the addition of 
HPO lyase. Where arrow indicates, additional 1.74 nM KPO lyase 
was added to the reaction mixture. 
slopes of traces for the determination of an initial reaction 
rate. Based on this assay procedure, HPO lyase activity obeys the 
Michaelis-Menten kinetics and the Km for LA 13-HPO of HPO lyase 
was 1.46 x 10-5 Mat the optimum pH of 5.5. When a low concentra-
tion of the enzyme was used, the reaction velocity was gradually 
decreased and finally reduced to nil within 15 min prior to 
cleavage of all the added substrate (traces A and Bin Fig. 2-1). 
Increasing the LA 13-HPO concentration did not cause further 
reaction; but the successive addition of the same amounts of 
fresh enzyme induced again the reaction (trace A). The primary 
and secondary initial rates of reaction were almost the same. 
Inactivation of HPO lyase was also evident when the decrease 
of the HPO group was monitored by using the ferrous thiocyanate 
method. Extensive dialysis of the inactivated enzyme aga1nst 50 
mM MES-KOH, pH 5.5, did not restore the activity. Dialysis 
against the same buffer containing 1 mM dithiothreitol also 
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failed to restore the activity. Thus, the inactivation of HPO 
lyase by LA 13-HPO was irreversible. Tea leaf HPO lyase utilizes 
only 13-HPOs of linoleic and linolenic acids but not the respec-
tive 9-HPOs [28]. Furthermore, this enzyme shows enantioselectiv-
ity and only catalyzes 13-(S)-HPO isomers [30]. LA 13-HPO used in 
this study contained a small amount of enantiomeric, geometrical 
and positional isomers which would remain in the reaction mix-
ture. However, the commencement of renewed reaction with the 
addition of the same amounts of fresh enzyme indicated that the 
inactivation of HPO lyase was not responsible for increasing the 
ratio of non-catalyzable HPO isomers. The activity did not de-
crease even after a 30 min-incubation under the same conditions 
without HPO, and furthermore, incubation of HPO lyase with either 
or both of the products, n-hexanal or/and 12-oxo-(9Z)-dodecenoic 
acid, did not affect the activity. These results indicate that 
HPO lyase is progressively and irreversibly inactivated by its 
substrate, LA 13-HPO or its reaction intermediate. 
To obtain inactivation kinetics, the reaction rates were 
determined at 15 or 20-second intervals by following the reaction 
progress curves. Because lowering the substrate concentration 
during catalysis would much affect the reaction velocity of HPO 
lyase and thus inactivation kinetics, a low concentration of the 
enzyme and a high concentration of the substrate (>2 x Km) were 
used. Inactivation of HPO lyase by LA 13-HPO proceeded as time-
and concentration-dependent manners. Semilogarithmic plots of the 
residual activities were linear and obeyed the first-order kinet-
ics law (Fig. 2-2). Plotting the apparent first-order rate con-
stant (kapp> vs initial concentration of LA 13-HPO gave a reason-
ably good straight line. This indicates that the kinetics of 
inactivation are consistent with the simple model shown in Equa-
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Fig. 2-2. Inactivation of tea leaf HPO lyase as a function of the 
concentration of LA 13-HPO. Tea leaf HPO lyase, at 1.16 nM in 50 
mM MES-KOH, pH 5.5, and 25"C was exposed to LA 13-HPO in a total 
volume of 1 ml. Inactivation was followed by the determination of 
reaction rates at 15 or 20-second intervals. The initial concen-
trations of LA 13-HPO were: 26.8 (~), 32.3 <e >. 36.8 COl. 45.1 
( , )and 56.9 (()) ~- Plotted on the ordinate is the logarithm 
of the concentration of active enzyme remaining at the indicated 
times after addition of LA 13-HPO. inset; Apparent rate constant 
of inactivation (kapp> was plotted against the initial concentra-
tion of LA 13-HPO. 
k 
E + I ------> ( 1 ) 
The second-order rate constant for inactivation was determined 
to be 265 M-ls- 1 . Little and O'brien [31] reported that the 
second-order rate constants for the oxidation of thiols in bovine 
serum albumin by autooxidized hydroperoxide of linoleic acid were 
140 and 500 M- 1s- 1 (for native and denatured albumins, respec-
tively) in the reaction mixture involving cytochrome c as a 
catalyst . Heme compounds convert HPO to a highly reactive form 
such as radical species [32, 33]. This means that fatty acid HPO 
per se is not so reactive as to destroy amino acid residues in 
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proteins, and it would be essential to convert LA 13-HPO to a 
reactive form for inact1vating HPO lyase. 
As shown in Fig . 2-3, HPO lyase showed a pH-activity profile 
having pH optimum at 5.5. While, a higher degree of inactivation 
was observed in more acidic pH and showed no peak. Experiment 
below pH 4 was not carried out because the insolubility of LA 
13-HPO interfered with an accurate estimation. The marked differ-
ence between pH-dependencies of the two parameters suggests that 



















































Fig. 2-3. The degree of inactivation of HPO lyase by LA 13-HPO 
(straight line) and relative activity of HPO lyase (dotted line) 
as a function of pH. Tea leaf HPO lyase (46.4 nM) was incubated 
at 25•c for 10 min with 40 pM LA 13-HPO at indicated pH. Residual 
activity was determined by 10-fold dilution of the mixture with 
33 pM LA 13-HPO in 50 mM MES-KOH, pH 5.5. Control experiment 
without LA 13-HPO was also carried out at each pH and percent of 
inactivation of respective control activity was plotted. Relative 
activity of HPO lyase was determined with 30 pM LA 13-HPO. Buff-
ers used were; 20 mM sodium acetate buffer (pH 4.0-5.0; 'Y , '\7) , 20 
mM MES-KOH buffer (5.0 6.5; ~. ~ )and 20 mM sodium phosphate 
buffer (6.0-8.0; • , 0). 
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tion of fatty acid HPO, was not completely the same as the cata-
lytic mechanism of the reaction usually form1ng the products from 
fatty acid HPO. The pH-inactivation curve revealed one pK value 
of about 6.5. This indicates that a functional group in the 
enzyme having a pK at around 6.5 participates in the inactiva-
tion. Matsushita et al. [34] reported almost the same pH depend-
ent profile with inactivation of pancreas ribonuclease by autoox-
idized LA, although inactivation mechanism of the ribonuclease 
has not been specified. 
Inactivation of HPO lyase was investigated with other HPOs and 
related compounds (Table 2-1). In order to assess the sensitivity 
and specificity of HPO lyase against various HPOs, inactivation 
Table 2-1. Effect of HPOs and related compounds on the activity 
of HPO lyase and alcohol dehydrogenasea. 
Residual activity (%) 
Reagent added HPO lyase Alcohol dehydrogenase 
None 100 100 
Linoleic acid 13-hydroperoxide 24.5 20.9 
Linoleic acid 9-hydroperoxide 15.0 ndb 
Linoleic acid 13-hydroxide 90.7 nd 
tert-Butyl hydroperoxide 98.2 9.4 
(96 !lM) 106.9 nd 
Cumene hydroperoxide 103.3 8.3 
(96 pM) 98.6 nd 
Hydrogen peroxide 104.6 60.7 
a HPO lyase (46.4 nM) or yeast alcohol dehydrogenase (46.5 nM) 
was incubated with 40 pM (or 96 pM) of HPOs or hydroxide in 50 mM 
MES-KOH, pH 5.5, for 10 min at 2s•c. Residual activity was deter-
mined after 10-fo1d dilution of the mixture with 50 mM MES-KOH, 
pH 5.5, containing 29.5 pM LA 13-HPO or 100-fold dilution with 
100 mM phosphate buffer, pH 7.0, containing 0.1 M acetaldehyde, 
0.1 mM NADH and 10 mM 2-mercaptoethano1, for HPO lyase or alcohol 
gehydrogenase, respectively. Values are means of three repeats. 
nd; not determined. 
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of yeast alcohol dehydrogenase caused by these compounds was also 
investigated. Yeast alcohol dehydrogenase was selected because 
this enzyme has an SH-group essential to catalytic activity as 
HPO lyase does (see Chapter 1) and is readily inactivated irre-
versibly by exposure to active oxygen formed by mixed-function 
oxidation reaction [35]. Under the conditions employed here, HPO 
lyase lost 75% of the initial activity during a 10-min incubation 
with LA 13-HPO. A positional isomer of LA 13-HPO, LA 9-HPO, also 
inactivated HPO lyase. LA 13-hydroxide, however, little inacti-
vated the enzyme, which indicats that the HPO group is required 
for the inactivation of HPO lyase. Matsushita et al. [34] pro-
posed that binding of fatty acid HPO to hydrophobic regions of 
ribonuclease, rather than a chemical reaction, is responsible for 
modification of the activity. Because HPO lyase was little inac-
tivated by LA 13-hydroxide, which has almost the same hydrophobic 
moiety as the corresponding HPO, binding of fatty acid HPO to the 
hydrophobic domaine of HPO lyase is not responsible for the 
inactivation. Organic HPOs, such as tert-butyl and cumene HPOs 
had substantially no effect on the activity of HPO lyase even if 
these HPOs were used at high concentrations. Furthermore, H2o2 
also showed no effect. 
Yeast alcohol dehydrogenase was inactivated by LA 13-HPO 75% 
of the initial activity during a 10-min incubation, but over 90% 
of the initial activity by either tert-butyl or cumene HPOs . 
Hydrogen peroxide also appreciably inactivated the dehydrogenase. 
The specificity of inactivation of HPO lyase indicates that HPO 
lyase specifically introduces fatty acid HPO into highly oxidiza-
ble domaine near the reaction center and converts the bound HPO 
to a reactive species at the restricted site . Because fatty acid 
HPOs are natural substrates for HPO lyase, it is reasonable to 
expect an existence of specific recognition mechanism for fatty 
HPOs. 
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Reagents listed in Table 2-2 were co-incubated with HPO lyase 
and LA 13-HPO. The reduced form of glutathione had no effect on 
the inactivation although th1s reagent was effective to extract 
HPO lyase activity efficiently from tea leaves (Chapter 1). Di-
thiothreitol substantially protected HPO lyase from the inactiva-
tion . As previously reported with HPO lyases from various plant 
tissues [4, 14, 21], the participation of an SH-group in the 
Table 2-2. Protection against inactivation of HPO lyasea. 
Compound added HPO 
None 
+ 
5 mM Glutathione 
+ 
5 mM Dithiothreitol 
+ 
0.2 mM a-Tocopherol 
+ 
0.2 mM Nordihydro-
guaiaretic acid + 
0.5 mM Butylated 
hydroxyanisole + 
0.5 mM Butylated 
hydroxytoluene + 
1 mM DETAPACc 
+ 






























































a HPO lyase (46.4 nM) was preincubated with or without 40 ~ LA 
13-HPO in 50 mM MES-KOH, pH 5.5, containing indicated reagent for 
10 min at 25•c. Residual activity was measured by diluting the 
preincubated mixture by 10-fold with 32 pM LA 13-HPObin 50 mM 
MES-KOH, pH 5.5. Values are means of three repeats. HPO lyase 
activities in the presence of indicated reagent is shown as a 
relative activity(%). cDETAPAC; diethylenepentaacetic acid. 
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reaction of this enzyme has been suggested. Protection by di-
thiothreitol suggests that the oxidation of an essential SH-group 
of HPO lyase at least partly contributes to the inactivation. 
Anti-oxidants such as a-tocopherol, nordihydroguaiaretic acid, 
butylated hydroxyanisole and butylated hydroxytoluene also pro-
tected. These anti-oxidants have inhibitory effects on HPO lyase 
activity (Table 2-2) and also believed to scavenge radical spe-
cies originated from fatty acid or other organic HPOs (36]. 
Ethanol also showed the protection although a relatively high 
concentration was needed. Ethanol scavenge radicals and also a 
little inhibited HPO lyase activity (Table 2-2). A hydrophilic 
radical scavenger, mannitol, affected neither the activity nor 
the degree of inactivation. Furthermore, diethylenetriaminepen-
taacetic acid, which suppresses metal-catalyzed activation of 
HPOs, did not show any effect . As a whole, a hydrophobic radical 
scavenger which inhibited HPO lyase activity always protected it 
from the inactivation by LA 13-HPO. 
From these results, the inactivation mechanism is deduced as 
follows; that is, fatty acid HPO specifically introduced into the 
reaction center of HPO lyase is converted to a hydrophobic radi-
cal species which in turn oxidizes an SH-group essential to HPO 
lyase activity. The finding that fatty acid HPO potentially 
Inactivates HPO lyase in tea leaves indicates that HPO lyase 
activity is finely regulated in vivo . This finding may also offer 
a suggestion when one wishes to regulate flavor of processed tea. 
SUMMARY 
Tea leaf hydroperoxide lyase (HPO lyase) was rapidly and irre-
versibly inactivated by linoleic acid 13-hydroperoxide (13-(S)-
hydroperoxy-(9Z,llE)-octadecadienoic acid (LA 13-HPO)). The rate 
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of the inactivation was directly dependent upon the concentration 
of the hydroperoxide, and its second-order rate constant at pH 
5.5 and 25 oc was 265 M-ls- 1 . Linoleic acid 9-hydroperoxide 
(9-(R)-hydroperoxy-(10E,l2Z)-octadecadienoic acid) which is 
little catalyzed by tea leaf HPO lyase also inactivated the 
enzyme, but other organic hydroperoxides such as cumene and 
tert-butyl hydroperoxide and H2o2 did not. Inactivation by LA 
13-HPO was protected either by dithiothreitol or LA 13-hydroxide, 
which suggests that the inactivation is caused by oxidation of 
essential SH-groups of the enzyme. Hydrophobic radical scavengers 
such as a-tocopherol and nordihydroguaiaretic acid effectively 
protected HPO lyase from the inactivation, but mannitol and diet-
hylenetriaminepentaacetic acid showed no effect. 
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Chapter 3. Separation of 13- and 9-Hydroperoxide Lyase Activities 
in Cotyledons of Cucumber Seedlings 
INTRODUCTION 
It has been reported that cucumber seedlings have both the 
activities of 13- and 9-HPO 1yases [37]. Matthew and Galliard 
also reported the existence of both the activities in Phaseolus 
vulgaris leaves (38]. However, it has not been elucidated yet 
whether these activities are attributable to one enzyme which can 
cleave both 13- and 9-HPO or to two or more enzymes each of which 
specifically cleaves 13- or 9-HPO. The work presented here pro-
vides an evidence for the existence of at least two HPO lyases 
differing in substrate specificity in cucumber seedlings. 
MATERIALS AND METHODS 
Cucumber (Cucumis sativus L. cv. Suyo} seeds were soaked in 
tap water for 12 hr and germinated under fluorescent light (7,000 
lux} with a 14 hr-photoperiod at 25°C. 9-HPO and 13-HPO were 
prepared from linoleic acid, using potato lipoxygenase [39] and 
soybean lipoxygenase (Sigma, type I}, respectively [19]. Both the 
HPOs contained less than 10% of geometrical and positional iso-
mers. 13-HPO lyase activity was determined by the head space 
vapor method (Chapter 1}, and 9-HPO lyase activity was determined 
from the amount of the 2,4-dinitrophenylhydrazone derivatives of 
the products by HPLC analysis (Chapter 1). For quantification, 
calibration curves were constructed with authentic n-hexanal and 
(E)-2-nonenal {Wake Pure Chemicals, Osaka}. For determination of 
13-HPO lyase activity, 5 proal of 13-HPO was incubated with the 
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enzyme for 3 min at 25 • c, but for 9-HPO lyase activity, 9-HPO (5 
proal) was incubated for 15 min at 25 • c. The reaction was termi-
nated while the rate of aldehyde formation was still linear. 
Protein was determined by the method of Bradford [40] standard-
ized with bovine serum albumin. 
Cucumber cotyledons (6-day-old) were homogenized with 3 vol-
umes of 50 mM Na-phosphate buffer, pH 8.0, containing 4% Triton 
X-100 and 2 mM ascorbate in a chilled mortar, and the homogenate 
was filtered through four layers of cheesecloth. The filtrate was 
stirred for 1 hr at o •c and centrifuged at 20,000 g for 10 min. 
The supernatant (20 ml) was made to 100 ml with 50 mM Na-
phosphate buffer, pH 7.0, and solid PEG 6000 was added to 8% 
(w/ v). After incubation for 1 hr on ice, the enzyme solution was 
c entrifuged at 20,000 g for 30 min. The resultant supernatant was 
made to 22% (wjv) solution of PEG 6000 and stirred for 1 hr on 
1ce. The precipitate collected by centrifugation at 20,000 g for 
30 min was dissolved in a small volume of the elution buffer (5 
mM Na-phosphate buffer, pH 7.5, containing 0.1 % Triton X-100, 10% 
glycerol, 0.1 mM EDTA, 2 mM ascorbate and 5 mM dithiothreito1) 
and applied to a DEAE Cellulofine A-500 column (17 x 170 mm, 
Seikagaku Kohgyo, Tokyo} equilibrated with the elution buffer. 
After the column was washed with 100 ml of the elution buffer HPO 
lyases were eluted with 400 ml of a linear gradient of NaCl (0-
0.3 M} in the elution buffer. 
RESULTS AND DISCUSSION 
Although 13- and 9-HPO lyase activities could be detected in 
cotyledons, hypocotyl and roots of 6-day-old cucumber seedlings, 
cotyledons were used as an enzyme source because this organ had 
the highest activity of both the lyases. Preliminary experiments 
3 1 
revealed that 80 and 50% of 13- and 9-HPO lyase activities, 
respectively, were bound to a fraction precipitable with a cen-
trifugation at 100,000 g for 60 min and that 4% of Triton X-100 
was necessary to extract both the activities. The extract was 
fractionated with PEG 6000 and applied to a DEAE Cellulofine A-
500 column. Both the activities were adsorbed to this resin and 
could be eluted with a NaCl gradient . As shown in Fig. 3-1, 13-
HPO lyase was eluted first, and 9-HPO lyase was eluted thereaf-
ter. Although further attempts to separate these activities 
failed because of an instability of 9-HPO lyase, the elution 
profile clearly showed that at least two different enzymes were 
existed in cucumber cotyledons, each of which was specific to 13-
or 9-HPO. By this purification step 13-HPO lyase was purified 
about 9-fold with a yield of 61%, and 9-HPO lyase was purified 
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Fig. 3-l. Separation of 13-HPO lyase C4t l and 9-HPO lyase (()) 
activities from cucumber cotyledons on DEAE-Cellulofine A-500 
( l. 7 x 17 em). (-- -); protein content. 
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Properties of these partially purified lyases were examined. 
As shown in Fig. 3-2, 13-HPO lyase had a pH optimum at 8.0 wh1le 
9-HPO lyase at pH 6.5. At higher pH, the activities was rapidly 
decreased in both the cases. As shown in Table 3-1, both the 
activities were much affected by p-chloromercuribenzoate (PCMB) 
which has been shown to be an inhibitor for HPO lyase in several 
plants [10]. Monoiodoacetate decreased 9-HPO lyase activities 
whereas 13-HPO lyase activity was hardly affected. A serine 
Fig. 3-2. pH-Dependence curves of the par-
tially purified HPO lyases. <tt l. 13-HPO 
lyase activity; (()). 9-HPO lyase activity. 
Mcilvaine's buffer (pH 4.0-8.0) and 50 mM 
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protease inhibitor, phenylmethanesulfonylfluoride (PMSF), also 
decreased 9-HPO lyase activity, whereas 13-HPO lyase activity was 
little affected. 
These results show that in cucumber cotyledons c6 - and c9 -
aldehydes were formed by different enzymes. It is well known that 
the substrate of HPO lyase is provided by lipoxygenase. Lipoxyge-
nase which formed 13- and 9-HPO at a ratio of 85 / 15 from linoleic 
acid increased rapidly after germination and reached a maximum by 
the fifth day of germination of cucumber (see Chapter 4). Both 
HPO lyases also showed almost the same developmental course of 
activities as that of lipoxygenase (results not shown). This 
coordinative change of lipoxygenase and HPO lyase activities was 
also reported in watermelon seedlings [4] and cotton seedlings 
[41]. 
SUMMARY 
In cucumber cotyledons, both c6- and c9-aldehydes were formed 
by hydroperoxide (HPO) lyase. Because it has not been elucidated 
whether these activities are attributed to one enzyme which can 
cleave both 13- and 9-HPO or to two or more enzymes each of which 
specifically cleaves 13- or 9-HPO, an attempt to separate HPO 
lyase activity was done. Ion exchange chromatography separated 
this activity into two fractions, one of which specifically 
cleaved 13-hydroperoxylinoleic acid and the other specifically 
cleaved the 9-isomer. 13-HPO-specific activity was most active at 
pH 8.0 and 9-HPO-speclfic one was at pH 6.5. SH-reagents inhibit-
ed both the lyases but to different extents. 
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Chapter 4. Tissue specific heterogeneity of lipoxygenase in 
cucumber seedlings 
INTRODUCTION 
Lipoxygenase ex i sts in a wide variety of plants including 
lower plants such as bryophytes (see Chapter 6), green algae [42] 
or cyanobacteria [43]. The physiological role of lipoxygenase in 
plants, however, still remains ambiguous although the enzyme is 
suggested to be involved either in growth and development, pest 
resistance, senescence or wounding responses [13]. The product of 
lipoxygenase, fatty acid hydroperoxide, is known to be further 
converted into short-chain aldehydes (see Chapter 1), jasmonic 
acid (44) or fatty acid hydroxides (45]. Above all, jasmonic acid 
was recently reported to be an inter-plant or an inter-cellular 
s1gnal to regulate gene expression in plant cells (46, 47]. 
Lipoxygenase activity has been reported to increase during 
several days after germination of seeds (4, 48, 49). Recently 
Morita and his coworkers (50, 51] have reported that rice plants 
contain three forms of lipoxygenase and that there are differ-
ences in the changes in the activity during development of the 
seedlings among the three forms. In addition, lipoxygenase activ-
ity was detected not only in the cotyledons but also in the root 
of watermelon seedlings (4). In this chapter, it is shown that 
cucumber root lipoxygenase is different from the cotyledon one. 
MATERIALS AND METHODS 
Seeds of cucumber (Cucumis sativus L. Suyo) purchased from 
Sanyo Seeds Co. (Yamaguchi, Japan) were soaked in running tap 
water for 12 hr, and germinated in plastic planting pots in ver-
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rniculite under a 14 hr light (7,000 lux) and 10 hr dark regime at 
25 °C. Lipoxygenase activity was assayed polarographically using a 
Clark type oxygen electrode (Yellow Spring Instruments. Co) with 
50 mM Na- phosphate buffer, pH 6.3, (for enzyme solutions prepared 
from cotyledons and hypocotyls) or 50 mM Tris-Cl, pH 8.0, (for 
that from roots). Reaction was started with the addition of 50 ~1 
of 50 rnM linoleic acid dispersed with 0.2% Tween 20 to a final 
volume of 1.75 rnl. One unit of enzyme is defined as the amount of 
the enzyme consuming 1 ~ol of 0 2 per min at 25 °C. Protein was 
measured by the modified Lowry's method [16) standardized with 
bovine serum albumin. 
The cotyledons (6 days old, 16 g fr. wt) were homogenized with 
2 volumes of 10 rnM Na-phosphate buffer, pH 8.0, and filtered 
through four layers of cheesecloth . The filtrate was centrifuged 
at 22,000 g for 20 min, and the resulting supernatant was put on 
a DEAE-Sephadex A-50 column (2.8 x 22 ern) equilibrated with 10 rnM 
Na-phosphate buffer, pH 8.0. The column was washed with 1 L of 
the equilibration buffer and eluted with 1.5 L of a linear gradi-
ent of NaCl concentration ( 0-0.5 M) in the same buffer. The roots 
(6 days old, 72 g fr . wt) were homogenized with an equal volume 
of 20 mM Tris-Cl, pH 8.0, containing 0.1 mM EDTA, 2 mM ascorbate, 
and 0.25 M sucrose (buffer A) and filtered through four layers of 
cheesecloth, then centrifuged at 20,000 g for 20 min. The super-
natant was precipitated by 30-50% saturation of ammonium sulfate 
and dissolved in buffer A. After dialysis against buffer A, 
Triton X-100 was added to 0.1 % and put on a DEAE-Toyopearl 650M 
column (2.2 x 23 ern) equilibrated with buffer A containing 0.1% 
Triton X-100. The column was washed with 200 rnl of the equilibra-
tion buffer and eluted with a linear gradient of NaCl concentra-
tion (0-0.5 M) in 500 rnl of buffer A containing 0.1% Triton X-
100. 
The product specificit1es by the purified lipoxygenases were 
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identified by HPLC analysis after the reduction with sodium 
borohydride and trans-esterification with ethereal-diazornethane. 
HPLC analysis were performed with a Zorbax-SIL column (0.46 x 25 
ern) eluted with n-hexanejethanol (99.5/0.5, v j v) at a flow rate 
of 2.0 rnl / rnin. Each derivative was detected at 234 nrn and identi-
fied with retention times o f the authentic spec imens. 
RESULTS 
Fig. 4-1 shows the developmental course of lipoxygenase 
activities in the cotyledons, hypocotyl, and root of cucumber 
germinated on vermiculite. The activity could not be detected in 
ungerminated seeds. After the second day of germination, a rapid 
rise of the activity in the cotyledons occurred and by the fifth 
day, the activity reached a maximum and rapidly declined thereaf-
Fi g. 4 -1 . The developme ntal course 
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ter. Although almost the same course was observed for the activi-
ty in the hypocotyl, the activity in the root was persisted for a 
longer time. 
The cotyledons and root of 6-day-old cucumber seedlings were 
homogenized with isotonic solution and fractionated by differen-
tial centrifugation . Of all the activity, 31.4% for the cotyle-
dons and 48.2% for the root were recovered in the cytosol frac-
tions. The soluble enzymes in the cotyledons and the root were 
respectively purified about 20-fold to 14.1 U/mg protein with a 
yeild of 57% and about 10-fold to 0.679 U/mg protein with a yeild 
of 28%, respectively. In both the cases, activities were eluted 
as a single peak from a DEAE-Cellulofine column . 
The pH-activity profiles of the two purified lipoxygenases are 
shown in Fig. 4-2. Cotyledon lipoxygenase gave the highest activ-
ity at pH 6.0, but root lipoxygenase at pH 8.0. The pH-activity 
profiles observed with the crude extract of each tissue were 
almost identical with those observed with purified lipoxygenases 
and changed little during the development of the seedlings {data 
Fig. 4-2. The pH-activity profiles of the 
purified root lipoxygenase (-- -) and the 
purified cotyledon lipoxygenase (---). Buff-
ers used were Macllvain 's buffer (()), 50 mM 
Na-phosphate buffer ( ~ ). 50 mM Na-pyrophos-
phate buffer ( [] ), and 50 mM ammonium buffer 

















not shown). These observations indicate that the purified enzymes 
represent the major ones in the respective tissues. 
Product specificities of the two lipoxygenases were identified 
with HPLC analysis of the products derived from linoleic acid 
{Table 4-1). Both the two enzymes produced 13-hydroperoxy-
{9Z,llE)-octadecadienoic acid predominantly from linoleic acid. 














The rapid increase of lipoxygenase activity in cucumber seed-
lings is accounted for by mostly the activity in the cotyledons, 
because the activity in this tissue occupied over 90% of that in 
the whole seedlings at an early period of germination. The inten-
sive enhancement of the activity in the cotyledons occurred while 
this tissue rapidly expanded and increased their own mass, which 
suggests that lipoxygenase in this tissue is needed to its 
growth. The activity in the root kept constant six to ten days 
after germination when that in cotyledons rapidly decreased. 
Furthermore, the two purified lipoxygenases could be distin-
guished from each other by the pH-activity profiles. These re-
sults suggest that at least two forms of lipoxygenase exist in 




Most of the lipoxygenase activity in cucumber seedlings was 
found in the cotyledons. Other tissues, such as the hypocotyl and 
the roots, showed low but appreciable activities. During seed 
germination, lipoxygenase activity increased once, then declined 
in both the cotyledons and roots. The activity was predominantly 
recovered in the cytosol fractions after differential centrifuga-
tion of both the tissues. The soluble enzymes were partially 
purified from both the tissues. Root lipoxygenase was most active 
at pH 8.0, but the cotyledon one was at pH 6.0. Thus, lipoxyge-
nase in the cotyledons may differ from that in the roots. 
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Chapter 5. Developmental change of lipoxygenase activity in 
cotyledons of cucumber seedlings 
NTRODUCTION 
With number of plants, biosynthesis of l1poxygenases is ln-
duced temporarily during the early stages of seedling growth [4, 
41, 52-55]. In Chapter 4, it has been shown that lipoxygenase 
act i vity in cucumber cotyledons increased once during the post-
germinative stage. Kato et al. reported appearance of new lipox-
ygenase isozymes in soybean cotyledons after germination [55 ]. 
Because soybean seeds are rich in lipoxygenases which remain 
after germination, they had to use mutant soybeans which lost a 
part of lipoxygenase isozymes in the seeds. On the other hand, 
cucumber cotyledons are thought to be convenient materials to 
examine developmental pattern of the activity during germination 
because ungerminated cucumber seeds have no lipoxygenase activity 
(Chapter 4). 
Because cotyledons play an essential role in an early growth 
of plants, lipoxygenase in the organ must participate in the 
developmental processes. In this chapter, further characteriza-
tion of the developmental pattern of lipoxygenase in cucumber 
cotyledons during an early growth of the seedlings will be pre-
sented. 
MATERIALS AND METHODS 
Plant meterials. Cucumber seeds (Cucumis sativus L. cv. Suyo) 
were soaked and germinated as described in Chapter 4. Otherwise, 
the seeds soaked for 12 hr were sterilized with 2 % NaClO for 10 
4 1 
min and cut transversely to remove one-third portion of the 
caruncular end and germinated on moist paper towels. The excised 
seeds were grown under the continuous dark or light. 
Purification of cucumber cotyledon lipoxygenase. The cotyle-
dons grown under the light/dark cycle for 6 days, or the excised 
cotyledons grown under the continuous light for 10 days were used 
for enzyme sources . With both the cotyledons the same purifica-
tion procedure was used. In a typical experiment whose results 
are shown in Table 5-l, the excised cotyledons (163 g fr. wt.) 
were homogenized thoroughly with 400 ml of cold acetone (-2o·c) 
with a Polytron homogenizer, and the homogenate was vacuum-fil-
tered through a sheet of filter paper. The residue was again 
homogenized with 200 ml of cold acetone and the residue obtained 
by vacuum-filtration was dried in vacuo. To the acetone powder 
(27.3 g) 546 ml of buffer A (20 mM Na-phosphate, pH 8.0, contain-
ing 0.5 mM phenylmethanesulfonylfluoride, l mM ascorbate and l mM 
EDTA) were added and stirred for l hr on ice. The suspension was 
filtered through four layers of cheesecloth, and the filtrate was 
centrifuged at 20,000 g for 20 min. To the resultant supernatant 
solid ( NH4 )2so4 was added to 20% saturation adjusting the pH to 
8.0, and the mixture was stirred for l hr on ice. After centrifu-
gation at 13,000 g for 10 min, to the resultant supernatant was 
added (NH4 )2so4 to 40% saturation adjusting the pH to 8.0, and 
the mixture was stirred and centrifuged as above. The resultant 
precipitate was dissolved in a small volume of buffer B (10 mM 
Na-phosphate, pH 8.0). The enzyme (33 ml) was dialyzed against l 
L of buffer B for 12 hr with three changes, and the dialyzed 
enzyme was applied to a DEAE-Cellulofine A-500 column (Seikagaku 
Kohgyo, Tokyo, Japan, 2.2 x 20.0 em) equilibrated with buffer B, 
then the column was washed with 200 ml of buffer B. The enzyme 
was eluted with 500 ml of a linear gradient of NaCl, 0 to 0.5 M, 
in buffer B. To the active fractions (NH4 )2so4 was added to 20% 
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saturation adjusting the pH to 8.0, and the enzyme was applied to 
a Butyl-Toyopearl 650M column (Toyo Soda, Tokyo, Japan, 1.75 x 
15.5 em) equilibrated with 20~ saturation of (NH 4 )2so4 in buffer 
B. After washed with 100 ml of the equilibrating buffer, the 
enzyme was eluted with 300 ml of a linear gradient of (NH4 ) 2so4 , 
20 to 0% saturation, in buffer B. Purified enzyme was stored at 
-20"C until use. 
Enzyme assays. The cotyledons were homogenized with 10 volume 
of buffer A with an ice-cold mortar. After filtration through 
four layers of cheesecloth, the homogenate was centrifuged at 
20,000 g for 20 min and the resultant supernatant was carefully 
collected to exclude fatty layer and used immediately for the 
assay. Lipoxygenase activity was determined as described in 
Chapter 4 with an oxygen electrode. The activity (l U) is defined 
as the quantity of enzyme catalyzing the consumption of 1 pmol of 
0 2 per minute at 25"C. 
Protein and chlorophyll content. Protein content was deter-
mined by the modified method of Lowry [16] or of Bradford (for 
the solution containing (NH 4 ) 2so4 ) [40] with bovine serum albumin 
as a standard. 
RESULTS 
Purification of lipoxygenase from 1ntact cotyledons. Lipox-
ygenase was purified from cucumber cotyledons grown under 16 hr-
light / 8 hr-dark cycle. Although chromatography of the (NH4 ) 2so4 
fraction with a DEAE-Cellulofine column showed only one active 
peak, two activity peaks were found in hydrophobic chromatography 
using a Butyl-Toyopearl column (Fig. 5-lB). The author tentative-
ly designated the activity eluted first as fraction I and the one 
eluted subsequently as fraction II. On SDS-PAGE fraction I showed 
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one major band with an apparent molecular mass of 90 kD and two 
minor bands of 96 and 95 kD (Fig. 5-2). Fraction II showed one 
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Fig. 5-l. Butyl-Toyopearl 650M column 
chromatography of cotyledon lipoxygenase. 
Lipoxygenase was extracted from the intact 
light-grown cotyledons (B) or the excised 
light-grown ones (A). The DEAE-Cellulofine 
fraction of each homogenate was applied on a 
Butyl-Toyopearl 650M column and eluted under 
the same conditions. {()) lipoxygenase activ-
ity, (- ) absorbance at 280 nm. 
0·~~--~~~--~~~~ 
0 10 20 
Fig. 5-2. SDS-PAGE analyses of the purified 
cot~l~don lipoxygenases. The lipoxygenases 
pur1f1ed from the intact light-grown cotyle-
dons, fraction I (lane 1), fraction II (lane 
2) and that purified from the excised dark -
grown cotyledons (lane 4) were electropho-
resed w~th molecular weight marker {lane 3) 
cons1st1ng of soybean lipoxygenase-1 {94 kD ), 
bov1ne serum albumin (68 kD) and yeast alco-
hol dehydrogenase (41 kD). 
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kD. From SDS-PAGE analyses of the every fractions eluted from a 
Butyl-Toyopearl column, the band intensities of 90 and 96 kD were 
revealed to well coincide with the act1vities of fractions I and 
II, respectively. Further attempt to purify 90- and 96-kD pro-
teins to a homogeneous state by either another hydrophobic, metal 
chelat1ng affinity, or gel filtration chromatography, or chroma-
tofocusing was failed. 
Purification from the excised cotyledons. Because cotyledons 
grown without the embryonic axis showed much h1gher activity than 
the intact cotyledons (see later), the cotyledons grown under 
continuous light for 10 days without the axis were used as an 
enzyme source. In Butyl-Toyopearl chromatography, lipoxygenase 
was eluted as a single peak at the same concentration of 
(NH4 >2so4 where fraction I was eluted (Fig. 5-lA). With these 
purification steps, lipoxygenase was purified from the excised 
cotyledons 66.4-fold with a specific activity of 317 U/mg protein 
(Table 5-l). On SDS-PAGE this preparation showed only one dis-
tinct band with a molecular mass of 90 kD (Fig. 5-2). 
Table 5-1. Purification of lipoxygenase from the light-grown 
excised cotyledons. 
step total total specific 
protein activity activity yield purification 
(mg) ( u) (U·mg- 1 (%) (fold) 
protein) 
acetone powder 988.2 4723.3 4.8 100.0 1.0 
ammonium sulfate 177.5 4421.2 24.9 93.6 5.2 
DEAE-Cellulofine 8.9 2107.9 236.7 44.6 49.5 
Butyl-Toyopearl 1.8 578.4 317.2 12.2 66.4 
Comparison of the lipoxygenases. All of the three lipoxyge-
nases (fractions I and II from intact cotyledons, and that puri-
fied from the excised ones) showed highest activities around pH 
6.0 and showed completely the same pH vs activity curves. Fur-
thermore, these lipoxygenases showed the highest activity with 
a-linolenic acid, followed by linoleic acid. y-Linolenic acid 
was a poor substrate for all the three lipoxygenases. As a whole, 
these lipoxygenases could not be distinguished each other by 
their enzymatic properties. Then, peptide maps of 96- and 90-kD 
proteins which were thought to associate with lipoxygenase activ-
ity were con structed and compared by the method of Cleveland et 
al. [56]. Fraction II was separated with SDS-PAGE and 96-kD 
protein was cut off from the polyacrylamide gels. The 90-kD 
protein purified from the excised cotyledons was also electropho-
resed and cut off. Both the proteins showed the same peptide 
2 3 4 5 6 7 8 9 10 
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Fig. S-3. Peptide maps of 96- and 90-kD forms of cucumber cot-
yledon lipoxygenases. Lipoxygenase-associated 96 kD protein was 
carefully cut off from polyacrylamide gel after SDS-PAGE of 
fraction II. Another form of lipoxygenase, 90-kD form purified 
from the excised cotyledons, was also electrophoresed and cut 
off. The gel pieces of 90 kD (lane 1, 3, 5, 7, 9) and 96 kD (lane 
2. 4, 6, 8, 10) were partially digested with 6 (lane 1, 2), 20 
(lane 3. 4), 60 (lane 5, 6), 200 (lane 7, 8) and 600 (lane 9, 10) 
pg of S. aureus V8-protease in polyacrylamide gel buffered with 
62.5 mM Tris-Cl, pH 6.8, containing 2% (w/v) SDS and 5% ~-mercap­
toethanol for 15 min at 25"C. Resultant pept1des were separated 
with 15% acrylamide gel and silver-stained. Arrows indicate the 
bands of added V8-protease. 
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fragments after the digestion by V8-protease at various extents 
(Fig. 5-3). These results indicate that the 90-kD protein was a 
protein which lost peptide fragment of 6 kD from the 96-kD pro-
tein. 
When cucumber cotyledons grown under the light/dark for 6 days 
were homogenized with a buffer containing 2% (w/v) SDS and 8 M 
urea to prevent proteolysis, only one protein band of 96 kD was 
detected with immunoblotting using an antibody prepared by frac-
tion I as an antigen, and the band pattern did not change even 
after 24-hr incubation of the homogenate at 25"C (Fig. 5-4). When 
the cotyledons were homogenized with 0.1 M Na-phosphate, pH 8.0, 
2 345678 9 
Fig. 5-4. Western immunoblotting analysis of cucumber cotyledon 
lipoxygenase. Lane 7-9; cucumber lipoxygenase, purified from the 
intact light-grown cotyledons, fraction I (lane 8) and fraction 
II (lane 9), and that purified from the excised light-grown 
cotyledons (lane 7) were electrophoresed and blotted on nitrocel-
lulose membrane. Lane 1-6; crude homogenates of the intact 
light-grown cotyledons were prepared with either 62.5 mM Tris·Cl. 
pH 6.8, containing 2% (w/v) SDS, 5% ~-mercaptoethanol and 8 M 
urea (SDS-urea sample buffer, lane 1. 2), 0.1 M Na-phosphate, pH 
8.0 (lane 3, 4) or 0.1 M Na-phosphate, pH 6.0 (lane 5, 6). The 
homogenates were mixed with SDS sample buffer (same as SDS-urea 
sample buffer but without urea) and heated at immediately 60 "C 
for 15 min (lane 1, 3. 5) or after incubation at 25"C for 24 hr 
(lane 2, 4, 6). These samples were electrophoresed and blotted on 
nitrocellulose membrane. Cucumber lipoxygenase was detected with 
an antibody prepared with fraction I as an antigen. 
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only one band of 96 kD was detected just after homogenization, 
but a protein band of 90 kD appeared after 24-hr incubation (Fig. 
5-4). An attempt to protect this proteolysis by adding either SDS 
(2%, wjv), phenylmethanesulfonylfluoride (3 mM), monoiodoacetate 
(5 mM), leupeptin (0.5 mM), pepstatin (0.5 mM) or metal-chelating 
agents such as EDTA (5 mM) and EGTA (5 mM) to the crude homoge-
nate of intact cotyledons was all failed. These results indicate 
that lipoxygenase exists as a single form of 96 kD in the cotyle-
dons and after homogenization 6-kD fragment is readily removed by 
an endogenous peptidase. When the cotyledons were homogenized 
with 0.1 M Na-phosphate, pH 6.0, the 96-kD band observed just 
after homogenization was evidently weakened after 24 hr-incuba-
tion without appearance of any new bands. This suggests that at 
pH 6.0 lipoxygenase is extensively digested by another 
peptidase(s) differing from the one active at pH 8.0 to form much 
shorter peptides which cannot be detected by immunoblotting. 
In summary, there exists only one form of lipoxygenase with a 
molecular mass of 96 kD in the intact cucumber cotyledons. Ho-
mogenization of the cotyledons would cause the contact the lipox-
ygenase with a peptidase, and a peptide corresponding molecular 
mass of 6 kD is excised from the intact 96-kD lipoxygenase to 
form the 90-kD lipoxygenase which still has the activity. There 
must exist a site susceptible to attack by a peptidase in the 
intact 96-kD lipoxygenase. 
Developmental changes of lipoxygenase. Lipoxygenase activity 
in cucumber cotyledons increased once, then declined after germi-
nation as described in the previous chapter. Because the morpho-
logical feature of the cotyledons after germination is much 
affected by illumination during growth, lipoxygenase activity in 
this organ was also expected to be affected by illumination. 
Then, lipoxygenase activities of cucumber cotyledons grown under 
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the light/dark (16 hr/8 hr) cycle and the cont1nuous darkness 
were compared. 
Early developments were the same whether illuminated or not, 
i.e., from day 1 to 3 the fresh weight little changed and at 
about day 4 cotyledons emerged above ground level. After day 4, 
difference between the light- and the dark-grown seedlings became 
evident. The light-grown cotyledons started to increase its 
weight (Fig. 5-5) and accumulates chlorophyll from day 4. The 
hook straightened and pressed cotyledons started to open at day 5 
and fully opened at day 6. Hypocotyl elongated from day 3 but the 
elongation stopped by day 6 when the cotyledons fully opened and 
greened. While, the dark-grown cotyledon showed little increase 
Fig. 5-5 . Developmental changes of lipoxygc-
nase activity in cotyledons (A), fresh we1ght 
of cotyledons (B), and length of hypocotyl 
(C). Cucumber seeds were imbibed for 12 hr 
and germinated on moist vermiculite under the 
16 hr light/ 8 hr-dark photo - regime (()) or 
the continuous dark <4t >· c.p.: cotyledon 
pair 
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in its weight and did not open until day 10, and no accumulation 
of chlorophyll. Hypocotyl remained hooking but kept elongating 
until day 10 (Fig. 5-5). 
Apart from most plants such as soybean (53), rice (50] and 
lup1n [54], no lipoxygenase activity was detected in dry cucumber 
seeds (Chapter 4). Lipoxygenase activity in the light-grown 
cotyledons started to increase from day 3 and reached a peak at 
day 5 to 6 and declined to extensively low level by day 10 (Fig. 
5-5). The activity in the dark-grown cotyledons also started to 
increase from day 3, but the rate was slower than that in the 
light-grown ones. It reached a broad peak at day 7 to 9 and 
slightly declined. Even at day 10 the activity WdS appreciably 
high. 
Because it has been reported that free chlorophyll is a potent 
inhibitor of lipoxygenase [57], rapid decline of lipoxygenase 
activity observed with the light-grown, green cotyledons might be 
caused merely by inhibition of the activity by accumulating 
chlorophyll. In order to check this possibility, crude homage-
nates prepared from the light- and the dark-grown cotyledons were 
analyzed with immunoblotting . In the case of the light-grown 
cotyledons a band stained with the antibody appeared from day 3 
and reached the highest intensity at day 5 to 6, then absolutely 
disappeared by day 10 (Fig. 5-6). In the case of the dark-grown 
cotyledons the stained band also appeared from day 3 and intensi-
fied thereafter as in the case of the light-grown ones, but it 
weakened only slightly and remained appreciable intensity even at 
day 10. These developmental patterns well corresponded to those 
of the activity, which indicates that the increase and decline of 
lipoxygenase activity is accounted for by the changes in the 
amount of the lipoxygenase protein. 
Effect of illumination on lipoxygenase activity. When the 
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Fiq. S-6. Western immunoblotting analyses of crude homogenatPs 
prepared da1ly from the intact light-grown (A) and the dark-grown 
(B) cotyledons. Crude homogenates prepared as legend of Fig. 5 
were electrophoresed and immunoblotted. 
dark-grown seedlings were transferred to the continuous light at 
day 4, the development was the same as that of the ones grown 
under the light. Developmental changes of lipoxygenase activity 
was also same each other (Fig. 5-7A a~d C) . This indicates that 
illumination during 1-4 days after germination do~s not affect 
the development of lipoxygenase activity as well as the morpholo-
gy (Fig. 5-7B and D). While, when the dark-grown seedlings were 
transferred to the continuous light at day 6, the cotyledons 
rapidly greened and openeu, ~nd elongation of the hypocotyl 
stopped within 24 hr. Lipoxygenase activity in the cotyledons 
once increased during the 24 hr, then rapidly declined thereafter 
to the level of the activity of the cotyledons grown under the 
continuous light from day 1 (Fig. 5-7A and C). 
When the light-grown seedlings were transferred to the contin-
uous darkness at day 4, the morphology of the seedlings was 
almost same as the ones grown under the continuous darkness from 
day 1, but the cotyledons were slightly colored to pale green. 
Developmental change of lipoxygenase activity in the cotyledons 
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Fig. S-7. Effect of illumination on lipoxygenase activity in the 
cotyledons (A, C) and on hypocotyl length (8, D). A, B; cucumber 
seedlings grown under the continuous dark were transferred to the 
continuous light from 4 days (()) or 6 days (~) after germina-
tion, or hold under the continuous dark C4t l· C, D; cucumber 
seedl1ngs grown under the continuous light were transferred to 
the continuous dark from 4 days ctt > or 6 days ( ~ ) after germi -
nation , or held under the continuous light (() ) . c.p . : cotyledon 
pair. 
ones grown under the continuous dark (Fig. 5-7C and A). When the 
light-grown seedlings were transferred to the darkness at day 6, 
the enlargement of cotyledons and accumulation of chlorophyl1 
were stopped while hypocotyl elongation resumed (Fig. 5-70). Al-
though lipoxygenase activity in these cotyledons also declined as 
that in the light-grown ones, higher activities than that in the 
light-grown cotyledons were always observed by day 10 (Fjg . 5-
7C). Immunoblotting analyses showed that these changes of the 
activity were elucidated to be due to the changes of the amount 
of lipoxygenase protein. These observations suggest that increase 
and decline of lipoxygenase activity are not controlled directly 
by the light. Thus, lipoxygenase increases whenever cucumber 
seedlings imbibe and grow, and it rapidly declines after cotyle-
dons sufficiently greened for the start of photosynthesis. 
')2 
Effect of the embryonic axis on lipoxygenase activity. It is 
well known that an early development of germinated seeds is 
highly regulated by plant hormones, and an embryonic axis and a 
testa are important sources of them. Davies and Chapman reported 
that the embryonic axis and/or the testa affected both the compo-
sition of the free fatty acid pool and the rate of lipid utiliza-
tion in cucumber cotyledons [58]. In order to elucidate whether 
the developmental pattern of lipoxygenase activity in cucumber 
cotyledons is under a control of the embryonic axis and/or the 
testa or not, cucumber seeds were cut transversely to remove 
one-third portion of the caruncular end and peeled off the testa, 
then the rested cotyledons were grown on wetted paper towels. 
The excised and peeled cotyledons swelled and enlarged under 
either the light or the dark (Fig. 5-88), but, only those under 
the light greened and their cotyledons curled to open. Lipoxyge-
nase activity in the excised cotyledons under the light started 
to increase from day 2, faster by a day than that in the intact 
light-grown cotyledons (Fig. 5-8A). By day 4 the activity exceed-
ed the highest value of the intact ones and continued to increase 
thereafter till day 10 to as high as 30 U/cotyledon pair (c.p.). 
The activity did not substantially decreased even after the 
cotyledons greened. The activity in the excised cotyledons grown 
under the dark started to increase from day 3, again faster by a 
day than that in the intact dark-grown ones. The rate of the 
increase was much higher than the intact ones. The activity 
continuously increased without any decline as observed with the 
light-grown excised cotyledons. These developmental patterns of 
lipoxygenase activity are accounted for by the changes in the 
amounts of lipoxygenase protein as determined by immunoblotting. 
Such a rapid and continuous increase of lipoxygenase in cucumber 
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Fig. S-8. Developmental changes of lipoxygenase activity (A) and 
fresh weight of cotyledons (B) of the excised cucumber cotyledons 
grown under the continuous light (()) or the continuous darkness 
<4t J. After 12 hr-imbibition, cucumber seeds were cut transverse-
ly to remove one-third portion of the caruncular end and peeled 
off the testa, then the rested cotyledons were grown on wetted 
paper towels. For comparison, developmental changes of lipoxyge-
nase activity in the intact cotyledons were also plotted on panel 
A with the smaller symbols as those of Fig. 5. 
tached cotyledons (result not shown), which indicates that the 
axis but not the testa affect the development of lipoxygenase. In 
order to examine wounding effect which has been reported to 
induce lipoxygenase activity [61), cucumber seeds were cut trans-
versely to remove one-third portion of the apical end and grown 
under the same conditions. Although a little induction of the 
activity was evident, the developmental changes of the activity 
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did not substantially differ from those of the intact cotyledons 
(results not shown). Thus, embryonic axis would emit a signal to 
repress the induction of lipoxygenase, and when the enzyme be-
comes unnecessary. 
DISCUSSION 
Although isozymes of lipoxygenase have been found in many 
plant species [13), the results obtained here indicate that in 
intact cucumber cotyledons there exists only one form of lipox-
ygenase with a molecular mass of 96 kD. Noticeable feature of 
this lipoxygenase is that it is rapidly digested by an endogenous 
peptidase to form the active 90-kD enzyme when cotyledons are 
homogenized. Recently, van Aarle et al. [60] reported that barley 
lipoxygenase purified 450-fold showed four bands of approximately 
equal intensity on SDS-PAGE, two of about 90 kD and two of about 
63 kD, and they indicated that 63-kD proteins were degradation 
products of the 90-kD enzyme. Furthermore, Peterman and Siedow 
[53) reported that in soybean cotyledons there exist smaller 
peptides which must be associated with a catalytically active, 
but somewhat degraded, form of lipoxygenase. Such a smaller 
lipoxygenase-related peptide was also observed in a de novo 
synthesized lipoxygenase purified from germinated soybean seeds 
(L-4) [55). Their observations and the presented results suggest 
that most plant lipoxygenases are susceptible to proteolysis to 
form a smaller form of the active enzyme. A physiological meaning 
of this feature is unclear at present. One possibility is that 
lipoxygenase should be destined to be degraded rapidly if the 
activity become unnecessary, because the product, fatty acid 
hydroperoxide, is highly toxic to plant cells. The degradation to 
form a smaller but active lipoxygenase may be the first and 
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'marking' step of entire degradation to form inactive and much 
shorter peptides as observed when cucumber cotyledons are homoge-
nized at pH 6 . 0. To clarify the physiological meaning of this 
degradation, the 96-kD form of cucumber cotyledon lipoxygenase 
must be purified homogeneously and the peptidase which is respon-
sible for this degradation should be characterized. 
With number of plants, lipoxygenase has been reported to be 
induced temporarily during an early stages of seedling growth. 
The autohr first examined and compared developmental patterns of 
lipoxygenase activity in the greened and the etiolated cotyle-
dons. The patterns resemble with those of glyox ysomal enzymes 
such as isocitrate lyase or malate synthetase, which are involved 
in gluconeogenesis [61). A preliminary experiment to reveal 
subcellular localization of lipoxygenase in cucumber cotyledons 
showed that the enzyme exists in cytosol but not in glyoxysomes. 
Activities of the glyoxysomal enzymes in light-grown cucumber 
cotyledons have been reported to reach a peak at day 3 to 4, and 
to decline to very low level at day 5 [61). While, lipoxygenase 
activity reaches its peak at day 5. These indicate that lipoxyge-
nase in cucumber cotyledons is irrespective of the lipid mobili-
zation performed in glyoxysomes, although lipoxygenase catabo-
lizes fatty acids which are substrates for gluconeogenesis . 
Transition of the dark-grown cucumber seedlings to the light and 
vice versa changed the developmental patterns of lipoxygenase 
activity in the cotyledons. The results suggest that the activity 
in cucumber cotyledons starts to accumulate a few days after 
imbibition of the seeds irrespective of illumination until the 
cotyledons developed an ability to transit to photo-autotrophy 
upon illumination. The activity is kept at high level during the 
transition proceeding, but, after the cotyledons have fully 
equipped an autotrophic machinery, the activity rapidly de-
creases. Cucumber cotyledon lipoxygenase may participate in 
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reconstitution of intracellular structures concomitant with 
transition from heterotrophy to autotrophy. 
Davies and Chapman reported that the removal of the embryonic 
axis resulted in reduced rates of lipid degradation [62) and that 
the induction rates of lipase and glyoxysomal enzymes also re-
duced in the excised cucumber cotyledons [58). In the case of 
lipoxygenase, however, removal of the embryonic axis enhanced the 
rate of its induction and took away its rapid decline which was 
observed with the light-grown intact cotyledons. The axis might 
negatively regulate the accumulation of lipoxygenase protein and 
positively regulate its degradation. Such an effect of embryonic 
axis on an enzyme has been reported with one of a hydrolytic 
enzymes important for an early growth of seedlings, amylases. a-
and ~-amylase activities in the cotyledons of germinating peas 
which have been removed embryonic axis continue to increase 
without decline but the intact cotyledons show a decline [63). It 
is well known that gibberellin promotes the formation of amylases 
but, abscisic acid inhibits the promotion [64). Lipoxygenase in 
cucumber cotyledons may be regulated by the same manner as amy-
lases. Interestingly, participation of lipoxygenase activity in 
the formation of abscisic acid has been reported [65, 66). 
SUMMARY 
Lipoxygenase in intact cucumber cotyledons germinated under 
the light/dark cycle was highly purified. With hydrophobic 
chromatography, the activity separated into two fractions. Lipox-
ygenase activity in each fraction revealed to a protein with a 
molecular mass of 96 and 90 kD, respectively. If the cotyledons 
grown without the embryonic axis were used as an enzyme source, 
only one form of lipoxygenase with a molecular mass of 90 kD 
could be obtained homogeneously. These three lipoxygenases showed 
the same enzymatic properties and peptide maps. Because only 96-
kD protein could be detected by Western immunoblotting of crude 
homogenate of the cotyledons, it is suggested that lipoxygenase 
exists as only one form of 96 kD and that upon homogenization it 
rapidly degrades to form active 90 kD form. 
Although dry cucumber seeds have no lipoxygenase activity, the 
activity in the light-grown cotyledons increased a few days after 
germination to reach a peak at day 5 to 6. Thereafter it declined 
to a very low level. The activity in the dark-grown cotyledons 
increased as the same manner, but the rate of the increase was 
lower and the enhanced activity persisted for a longer time. 
Considering the results as a whole, lipoxygenase activity is high 
while cucumber cotyledons have developed an ability to transit to 
photo-autotrophy upon illumination, but after the transition the 
activity rapidly reduced . On the other hand, the act1vity in the 
cotyledons from which the embryonic axis and the testa had been 
removed was continuously increased during development of the 
cotyledons without any apparent decrease even if the cotyledons 
were grown under the light. These organs are thought to negative-
ly regulate the induction of lipoxygenase in the cotyledons. 
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Chapter 6. Purification and properties of lipoxygenase in Har-
chantia polymorpha cultured cells 
INTRODUCTION 
In the course of a comprehensive survey for the better enzyme 
source suitable to elucidate the role of lipoxygenase in plant 
cells, the author detected appreciable activity of lipoxygenase 
in cultured cells of Marchantia polymorpha (liverwort). It has 
been reported that not only higher plants but lower plants such 
as cyanobacteria [43) and green algae [42) also have lipoxygenase 
activity. It has not been known whether the properties of the 
enzymes in lower plants are the same as those in higher plants. 
Thus, the author purified lipoxygenase in M. polymorpha cultured 
cells and characterized. 
MATERIALS AND METHODS 
Materials. Marchantia polymorpha cells [67) were kindly pro-
vided by Dr. K. Ohyama, Kyoto University. The cells were grown 
under continuous fluorescent lamp at 2s•c in 100 ml of l-M51C 
medium [67) in 300 ml flask with shaking at 120 rpm. The stock 
cultures were subcultured every 14 days. Fresh wt of the cells 
was determined after filtration through a sheet of filter paper 
under reduced pressure for 5 min. 
Linoleic acid (99% pure, from Sigma) was purified with an Si02 
column before use. Linoleyl alcohol was prepared from linoleic 
acid by the reduction with LiAlH4 . Other fatty acids (99% pure) 
were kindly provided by Nippon Oil and Fats, Co. L-a-Phosphati-
dylcholine (Sigma, type IV-S) was further purified with repeti-
tive acetone precipitation to remove free fatty acids. 
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Purification. Cultured cell suspension (197 g fr. wt) was 
harvested during a later stationary phase (14 days) and homoge-
nized with 1/4 Mcilvaine's buffer, pH 8.0, containing 0.5 mM 
EDTA, 1 mM phenylmethanesulfonylfluoride and 4% (wjv) Polyclar 
AT. The homogenate was centrifuged at 80,000 g for 80 min. To the 
resultant supernatant solid ammonium sulfate was added, and the 
fraction obtained at 40-70% saturation was collected. The ammoni-
um sulfate fraction was redissolved in a minimum volume of 50 mM 
Tris-Cl, pH 8.5, containing 25% saturation of ammonium sulfate 
and applied to a Butyl-Toyopearl 650M column (9 x 1.9 em, Tosoh, 
Tokyo) equilibrated with the same buffer. Lipoxygenase was eluted 
with the same buffer in which the concentration of ammonium 
sulfate was decreased to zero. Active fraction was pooled and 
dialyzed against 100 volumes of 50 mM Tris-Cl, pH 8.5, for 4.5 h 
with three changes. The following steps were carried out with 
HPLC (Hitachi L-6200). The dialyzed enzyme was applied to a QA-
824 column (75 x 8 mm, Showa Denko, Tokyo) equilibrated with the 
dialyzing buffer and the lipoxygenase was eluted with 0-0.5 M KCl 
gradient in the same buffer. The active fractions were collected 
and concentrated with Centricon-30 (Amicon). The enzyme was 
applied to a TSKgel G3000SW column (600 x 7.5 mm, Tosoh, Tokyo) 
equilibrated with 0.1 M Na-phosphate, pH 7.0, containing 0.1 M 
Na2so4 and eluted with the same buffer. 
Lipoxygenase assay. The standard assay mixture (3 ml) con-
sisted of 50 mM borate buffer, pH 9.0, and 25 ~1 of substrate 
solution (10 mM linoleic acid dissolved in 0.2% Tween 20) and 
appropriate volume of the enzyme solution. The reaction was 
initiated by the addition of the substrate solution and formation 
of linoleic acid hydroperoxide was followed by the absorbance 
increase at 234 nm ( L = 2.5 x 104 M- 1cm-l) at 25"C. One unit of 
the enzyme act1vity was defined as the enzyme forming 1 ~mol of 
the product per min. 
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Analysis of reaction products. Linoleic acid (5 mg) was 
incubated with 0.5 U of the purified lipoxygenase in 50 mM borate 
buffer, pH 9.0, at 25"C for 15 min . After the formed hydroperox-
ide was extracted with n-hexane/ diethyl ether (1 / 1, v / v), reduced 
with sodium borohydride and esterified with ethereal diazometh-
ane, the positional and the geometrical isomers were analyzed in 
a form of methyl hydroxy-linoleate with HPLC (Shimadzu LC-5A) 
equipped with a Zorbax-SIL column (250 x 4.6 mm, Shimadzu, Kyoto; 
n-hexane/ethanol 99.5/0 . 5, flow rate 2 . 0 ml / min, detection at 234 
nm). Methyl hydroxy-ester derivative of the 13-(Z,E)-isomer was 
collected and the optical isomer ratio was analyzed with HPLC 
equipped with a Chiralcel 08 column (250 x 4.6 mm, Daicel, Tokyo; 
n-hexane/ethanol 99 / 1, flow rate 1.0 ml/min). 
Other methods. Protein content was determined with BCA pro-
tein assay reagents (Pierce) with bovine serum albumin as a 
standard (68). Isoelectric point was determined by chromatofocus-
ing on a PBE 94 (Pharmacia) column as described in manufacture's 
instruction manual. 
RESULTS AND DISCUSSION 
Subcellular localization. Lipoxygenase activity was first 
detected in a bryophyte, M. polymorpha cultured cells. The activ-
ity was depleted by boiling the crude extract for 10 m1n. The 
cells cultured for 13 days were harvested and homogenized using d 
Polytron mixer with three volumes of 67 mM K-phosphate, pH 7.2, 
containing 0.4 M sucrose, 10 mM KCl, 1 mM MgC1 2 , 1% (wjv) bovine 
serum albumin, 1 mM EDTA and 10 mM ascorbic acid. After filtra-
tion through a cheesecloth, the differential centrifugation of 
the filtrate revealed over 90% of the total lipoxygenase activity 
to exist in the supernatant of centrifugation at 80,000 g for 80 
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min. Thus, the enzyme was thought to be cytosolic. Next to the 
cytosolic fract1on, chloroplast fraction (1200 g ppt) had the 
largest amount of the act1v1ty (about 8%) . The activity in chlo-
roplast fraction was not decreased by repeated washing with 
hypotonic medium, but brief sonication (10 sec x 4) solubilized 
all the activity. This suggests that a part of lipoxygenase 
activity loosely bound to chloroplast membrane. Occurrence of 
lipoxygenase activity in chloroplast membrane was reported for 
wheat leaves (49]. In this chapter, cytosolic lipoxygenase in M. 
polymorpha cells was purified and characterized. 
Time course. In order to reveal the time courses of growth 
and lipoxygenase activity of the cells, 6 g (fr. wt) of the cells 
were inoculated to grow in the fresh culture medium (100 ml) and 
harvested every 2 days. As shown in Fig. 6-lA, M. polymorpha 
cells grew logarithmically by 10 days after about 4 days of a lag 
phase, thereafter, fr. wt of the cells turned to decrease. Al-
Fig. 6-1. Time course of growth (A) and 
l1poxygenase activity (B) of M. polymorpha 
cultured cells. After transplanting the cells 
to fresh culture medium, the cells were 
harvested every two days and fr. wt per 100 
ml cu~ture medium( [] ) and lipoxygenase 
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though high lipoxygenase activity was observed at the start of 
the culture, the activity rapidly decreased, and the cells in a 
logarithmic phase showed the lowest activity (Fig. 6-18). Lipox-
ygenase activity turned to increase to the original level when 
growth of the cells almost ceased. Almost the same time course of 
the activity was observed when the activity was expressed on the 
basis of a protein content. This result suggests an essential 
role of the lipoxygenase in a later stationary phase, but not in 
other phases of the cell growth. 
Purification. The cells in a later stationary phase was 
homogenized with l/4 Mcilvaine's buffer, pH 8.0, containing 0.5 
mM EDTA, 1 mM phenylmethanesulfonylfluoride and 4% (w/v) Polyclar 
AT and centrifuged to obtain the 80,000 g sup fraction (Table 6-
1). A single elution peak of the activity was obtained with 
hydrophobic chromatography of the ammonium sulfate fraction and 
succeeding ion exchange chromatography on a QA 824 column . Gel 
filtration chromatography on a TSKgel G3000SW column efficiently 
purified the lipoxygenase to a homogeneous state (Fig. 6-2). With 
this purification steps, the lipoxygenase was purified 531-fold 
with a yield of 5.9% (Table 1). Specific activity of the purified 
lipoxygenase was 15.3 U/mg protein with linoleic acid as a sub-
strate. This value was almost equivalent to that reported for 
Table 6-1. Punficauon of lipoxygenasc from M. pol\llwrplw cell\ 
Total Total Specific 
protein activity acunt) Yield 
(mg) (U) (U mg- 1) (%) 
Crude e:>~tract 1470 42.2 2.88 X 10-: 1000 
'iOOOO ,, ,~.pcrn;llant 705.0 57.9 8.21 X 10 1 137.0 
"-H •. so. fracuon 212.0 52.1 0.246 1210 
But) Toyopc.ul ISO 23.7 1.32 56 2 
QA-824 1.::!4 6.6 5.35 15.6 









Fig. 6-2. Purification of M. polymorpha 
l1poxygenase with gel f1ltration chromatogra-
phy on a TSKgel G3000SW column. The active 
fraction of ion exchange chromatography were 
collected and concentrated, then applied to 
the column. The lipoxygenase was eluted with 
0.1 M Na-phosphate, pH 7.0 containin¥ 0.1 M 
NazS04 at a flow rate of 0.5 ml·min- with 
detect1on at 280 nm. The bar represents 
lipoxygenase activity. 
Fig. 6-3. SDS-polyacrylamide gel electropho-
resis of the purified lipoxygenase. 
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avocado lipoxygenase [69], but almost one order of magnitude 
smaller than those of potato tuber [70], rice embryo [50] or 
soybean seed lipoxygenases [5]. The lipoxygenase showed only one 
distinct protein band on 50S-polyacrylamide gel electrophoresis 
and a subunit Mr of 109,600 was calculated from the mobility of 





6-3). Although, The Mr of the native enzyme was estimated to be 
261,000 by the gel filtration chromatography using a G3000SW 
column. Thus, M. polymorpha lipoxygenase seems to be a homo-
dimer. 
General properties. Purified lipoxygenase had an optimum pH 
at around 9.0, and its half-maximum activity was found at pH 6.5 
and 10.0. This optimum pH was an anomalous value, because most of 
the optimum pHs of plant lipoxygenases were reported to be 5.5 to 
7.0. Soybean lipoxygenase-1 (pH optimum is 9.0-10.0) was a well-
known exception [5]. Chromatofocusing with a PBE 94 column re-
vealed the pi value of M. polymorpha lipoxygenase as 4.8. This 
value was relatively low when compared with those of isozymes of 
soybean lipoxygenase (5.68, 6.25 and 6.15 for isozyme-!, -2 and 
-3. respectively [13]) or avocado lipoxygenase (5.9) [69]. The Km 
value of M. polymorpha lipoxygenase for linoleic acid under the 
standard conditions was estimated to be 18.4 ~M, which was almost 
equivalent to that reported for soybean lipoxygenase-1 [5]. The 
presence of 1 mM nordihydroguaiaretic acid or 1 mM mercuric 
chloride inhibited 100 and 80% of the activity of M. polymorpha 
lipoxygenase, respectively. Both phenidone (16.7 ~) and a-tocop-
herol (16.7 ~) inhibited 55% of the activity. Neither 1 mM KCN, 
NaN3 nor EDTA inhibited. These results were the same as those 
obtained with lipoxygenases of higher plants [13]. 
Substrate and product specificity. All the fatty acids used 
here were dissolved in 0.2% Tween 20 solution and sonicated for 
30 sec just before use. As shown in Table 6-2, M. polymorpha 
lipoxygenase was the most active for y-linolenic acid (18:3 (n-
6)) although the positional isomer, a-linolenic acid (18:3 (n-3)) 
was a poor substrate. Such a high reactivity to y-linolenic acid 
has not known for other plant lipoxygenases. For example, with 
y-linolenic acid the activities of soybean lipoxygenase-1, 
Bengal gram lipoxygenase-1 and -2 were 39, 49 and 17% of those 
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Table 6-2 . Sub~trate specificity of M. polymorpha 
hpoxygenase 
Fall) acids 
18 2 (11-6) 




















obtained with linoleic acid, respectively [73, 74]. Polyenoic 
fatty acids having chain length of C-20 and C-22 were also oxyge-
nated by the enzyme but to the lesser extent. 
The product specificity of the purified lipoxygenase was 
analyzed with straight- and chiral-phase HPLC. By using linoleic 
acid as a substrate, the lipoxygenase produced 13-hydroperoxy-
(9Z,llE)-, 13-hydroperoxy-(9E,llE)-, 9-hydroperoxy-(10E,l2Z)- and 
9-hydroperoxy-(10E,l2E)-octadecadienoic acids at the ratio of 
86.5, 4.5, 8.5 and 0.4%, respectively. Of these, optical isomer 
ratio (R/S) of the 13-(Z,E)-isomer was estimated as 2/98. These 
results were almost coincident with those of soybean lipoxyge-
nase-1 [5]. 
SUMMARY 
Lipoxygenase activity was first detected in a bryophyte, 
Marchantia polymorpha (liverwort) cultured cells. The activity 
was enhanced at a later stationary phase of the culture. Most of 
the activity occurred in the cytosolic fraction. The lipoxygenase 
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was purified to homogeneous state by ammonium sulfate frac t i ona-
tion and hydrophobic, i on-exchange, and gel filtration c hromat og-
raphies. From the SDS-polyacryl am i de gel elec trophoresis, t he Mr 
o f the lipoxygenase was est i mated to be 109,600. The pH optimum 
was about 9.0 and the pi value was 4.8. This enzyme formed mainly 
13-(S)-hydroperoxy-(9Z,l1E)-octadecadienoi c acid from linol eic 
acid. It showed twice higher the activity for y -linolenic acid 
than for linoleic acid. 
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Chapter 7 . Comparison of s ubstrat e specificities of lipoxyge nases 
pu rified from soy bean seed, whe a t seed and c uc umber cotyle dons 
I NTRODUCTION 
Lipoxygenase (EC 1.13.11.12) catalyzes the stereospecific 
dioxygenation of unsaturated fatty acids containing at least one 
methylene-interrupted (Z,Z)-pentadiene system. Lipoxygenases in 
plants can be classified into two types which are distinguishable 
primarily by differences in their pH-activity profiles. Type l 
enzymes show optimum activity around pH 9 while type 2 enzymes 
are most active between pH 6.5 and 7 [13]. Soybean lipoxygenase-1 
is a well characterized type 1-lipoxygenase. Plant lipoxygenases 
can be also classified by their p r oduct specificities. Soybean 
lipoxygenase-1 and cucumber cotyledon lipoxygenase oxygenate 
linoleic acid to form (l3S)-hydroperoxy-(9Z,11E)-octadecadienoic 
acid while removing a pro-(S) hydrogen from the bis allylic 
methylene. Whereas linoleic acid 9-lipoxygenases such as those in 
wheat seed and potato tuber catalyze the formation of (9S)-hy-
droperoxy-(l0E,l2Z)-octadecadienoic acid while removing a pro-(R) 
hydrogen from the bis-allylic methylene (Fig. 7-1) [12]. Because 
pentadiene system of a substrate is symmetrical, hydrogen removal 
and o2 insertion are carried out by both the types of lipoxyge-
nase in spatially identical manner. Thus, strict positional 
specificities of dioxygenation observed with most lipoxygenases 
indicate that there exists a mechanism to recognize the orienta-
tion of a fatty acid. Gardner [73] assumed that soybean lipoxyge-
nase-1 recognizes a carboxyl anion to arrange a fatty acid only 
in one orientation. 
Hatanaka et al. [74] have e xamined substrate and product 
specificity of soybean 1ipoxygenase-1 using an ent1re series of 
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Fig. 7-1. Mechanism of the dioxygenase reaction catalyzed by 
lipoxygenases. Linoleic acid as substrate. 
from the terminal carboxyl group to the pentadiene moiety, and 
suggested that the interaction of a carboxyl anion of a substrate 
with the reaction center of soybean lipoxygenase-1 is important 
to oxygenize a specific position of a substrate but hydrophobic 
interaction and recognition of the pentadiene system are also 
important to secure the activity. 
It seemed of interest to try to reveal whether the manner of 
substrate recognition postulated for soybean lipoxygenase-1 can 
be generalized to those of other plant lipoxygenases. To this 
end, the author purified lipoxygenases not only from soybean 
seed, but also from wheat seed and cucumber cotyledons wh1ch 
differ in optimum pHs and/or product specificities. Substrate and 
product specificities of these three lipoxygenases were compared 
by using an entire series of ( w 6Z, tv 9 Z) -C 13""'c24 - dienoic acid· 
MATERIALS AND METHODS 
Purification of lipoxygenases. Soybean lipoxygenase-1 was 
purified from soybean seed (Glycine max L. cv. Tamahomare} as 
described [75). In a typical experiment soybean lipoxygenase-1 
was purified 20-fold with a specific activity of 135 U/mg pro-
tein. 
Cucumber lipoxygenase was purified from cotyledons of intact 
cucumber seedlings (Cucumis sativus L. cv. Suyo) as described in 
Chapter 5. In a typical experiment cucumber lipoxygenase was 
purified 19-fold with a specific activity of 103 U/mg protein. 
Wheat lipoxygenase was purified from wheat seed (Triticum 
vulgare Desf. cv. Neurin 61 gou). Wheat seed was finely ground 
and the flour was stirred with three volumes of 0.12 M Na-phos-
phate buffer, pH 6.9, at 4°C for 1 hr. After filtration through 
four layers of cheesecloth, the filtrate was centrifuged at 
23,000 g for 20 min, and the supernatant was fractionated with 
ammonium sulfate (35-55% saturation}. After dialysis against 10 
mM Na-phosphate buffer, pH 6.9, the solution was applied to a 
DEAE-Cellulofine A-500 column (20 x 305 mm} equilibrated with the 
same buffer. At this step three peaks of lipoxygenase activities 
appeared, and the most active fraction which was eluted first was 
collected. The active fraction was concentrated by ultrafiltra-
tion with Ultra Filter UP-20 (Advantec Toyo, Tokyo) and was 
dialyzed against 10 mM Tris-Cl buffer, pH 8.0 . The dialyzed 
enzyme was applied to a QA-824 column (Showa Denko, Tokyo, 8 x 75 
mm} equilibrated with the same buffer, and eluted with a linear 
gradient of NaCl concentration (0-0.1 M) in the same buffer. The 
active fraction was concentrated with Centricon-30 (Amicon} and 
was applied to a TSKgel G3000SW column (Tosch, Tokyo, 7.5 x 600 
mm} equilibrated with 0 . 1 M Na-phosphate buffer, pH 7.2, contain-
ing 0.1 M sodium sulfate. The active fraction was eluted with the 
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same buffer and used as purified wheat lipoxygenase. In a typical 
experiment wheat lipoxygenase was purified 450-fold with a spe-
cific activity of 155 U/mg protein. 
Enzyme assay. Linoleic acid (99% pure} was purchased from 
Sigma Chemical Co. ( w 6Z, w 9Z} -c13---c20-dienoic acids (Fig. 7-2} 
were prepared as previously described [74]. (co6Z,c<~9Z}-C2f"C24-
dienoic acids were synthesized via the Wittig coupling between a 
c9 -phosphorane salt and c11~c14-aldehydes as in [74]. Geometrical 
purity of the synthesized fatty acids were determined with HPLC 
analyses as previously described [76]. All the dienoic fatty 
acids were used as substrates after purified by silica gel column 
chromatography to 99% purity. 































Lipoxygenase activities were determined spectrophotometrically 
at 25 C by following the formation of hydroperoxides at 234 nm 
(" =25,000 M- 1 ·cm-1 ). The buffers used were, for soybean lipoxyge-
nase-1; 50 mM Na-borate buffer, pH 9.0, for cucumber lipoxyge-
nase; 50 mM Na-phosphate buffer, pH 6.3, and for wheat lipoxyge-
nase; 50 mM Na-phosphate buffer, pH 6 . 9. To 0.98 ml of the re-
spective buffer, 10 pl of substrate solution (10 mM dienoic acid 
dispersed with 0.2% Tween 20) was added, and the reaction was 
started by the addition of 10 pl of enzyme solution (7.0 x 10-3 
U). One unit of enzyme activity was expressed as the amount of 
enzyme forming 1 pmol of hydroperoxides at 25"C. 
Product specificity. Each lipoxygenase (1 U) was added to a 
reaction mixture consisting of 50 ml of the respective buffers 
containing 1 ml of the substrate solution, and the mixture was 
incubated for 10 hr at 4"C under o2 atmosphere. Then the reaction 
mixture was acidified with 2N HCl and extracted with 100 ml of 
ether. The ether layer was washed twice with 100 ml of saturated 
NaCl solution, and was evaporated in vacuo. Then 3 ml of ether 
was added to the residue and the ether solution was treated with 
ethereal diazomethane and subsequent triphenylphosphine to give 
the corresponding hydroxy-esters. Compositions of positional 
isomers of the products were analyzed by straight phase HPLC 
(Shimadzu LC-5A) equipped with a Zorbax-SIL column (Dupont-Shi-
madzu, 4.6 x 250 mm) with detection at 234 nm. Elution was car-
ried out with n-hexane/iso-propanol (99/l, v/v) at a flow rate of 
1 ml/min at 25"C. 
RESULTS AND DISCUSSION 
Lipoxygenases purified from soybean seed, wheat seed and 
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cucumber cotyledons were almost homogenous when analyzed with 
SDS-polyacrylamide gel electrophoresis. Reactivities of the 
substrates, (w6Z,w9Z)-C1~c24-dienoic acids (Fig. 7-2), were 
examined at a concentration of 100 pM. The reactions were moni-
tored at the respective optimum pHs, i.e., pH 9.0 for soybean 
lipoxygenase-1 [75], pH 6.9 for wheat lipoxygenase [77] and pH 
6.3 for cucumber lipoxygenase (see Chapter 4). As shown in Fig. 
7-3, the three lipoxygenases showed different profiles of sub-
strate specificities. 
Soybean lipoxygenase-1 showed broad specificity having an 
optimum activity with c20-dienoic acid. Cucumber lipoxygenase was 
most active with c19-dienoic acid and with the longer substrate 
than c19 the activity decreased gradually like that observed with 
soybean lipoxygenase-1. Contrary to soybean lipoxygenase-1, 
cucumber lipoxygenase catalyzed little the oxygenation of Cl7-
dienoic acid and not that of c16- and the shorter dienoic acids. 
120 
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Fig. 7-3. Substrate specificities of soybean lipoxygenase-1 (A), 
cucumber lipoxygenase (B) and wheat lipoxygenase (C) for the 
synthetic substrates. The reactivity of a substrate relative to 
that of c18-dienoic acid (linoleic acid) was plotted aga1nst 
total carbon number (n). 
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With c17-dienoic acid, cucumber lipoxygenase initiated the oxida-
tion only after a lag period of about 10 min although the other 
lipoxygenases did not show such a long lag period even if a 
substrate of low reactivity was used. Furthermore, cucumber 
lipoxygenase did not show such a long lag period with c24-dienoic 
acid which showed almost the same reactivity as c17-dienoic acid. 
Lag period was believed to be the time to activate the inactive 
form of lipoxygenase by its own product, hydroperoxide [12, 13] . 
The product formed from c17-dienoic acid was thought not to be an 
efficient activator for cucumber lipoxygenase under the reaction 
condition employed here. 
Wheat lipoxygenase showed a relatively narrow specificity when 
compared with other lipoxygenases. Wheat lipoxygenase was most 
active with a natural substrate, linoleic acid, and either addi-
tion or deletion of only one methylene unit decreased the activi-
ty drastically. Other dienoic acids were not oxygenated by wheat 
lipoxygenase. Relatively narrow specificity observed with wheat 
lipoxygenase suggests that recognition of the terminal carboxyl 
group of a substrate has a crucial role. This suggestion is 
supported by the result obtained by Kuhn et al. [78] who reported 
that the site of the hydrogen removal is determined by the dis-
tance from the carboxyl group rather than from the methyl end of 
the fatty acid chain. 
The substrates which showed appreciable activities were oxyge-
nated with the purified lipoxygenases under o2 atmosphere at 4•c 
and the position of dioxygenation was determined by straight-
phase HPLC analyses. All the substrates used here had two possi-
ble oxygenation sites, i.e . , w 6- and wlO-positions. As reported 
previously, by either soybean lipoxygenase-1 [13] or cucumber 
lipoxygenase (see Chapter 4), linoleic acid was mainly oxygenated 
at w 6-position to form (13S)-hydroperoxy-(9Z,llE)-octadecadieno-
ic acid as a ma1n product but wheat lipoxygenase oxygenated at 
14 
w lO-position to form (9S)-hydroperoxy-(10E, l2Z)-octadec ad i enoi c 
acid as a main product [78]. Soybean lipoxygenase-1 oxygenated 
w 6-position of a substrate shorter than c 2 2 wi th high spec ifici -
ty ( over 95%). However, low specificities were observed wi th C23-
and, more pronouncedly, with c24-dienoic a c ids ( Table 7- 1). It 
must be noticed that c15-dienoic acid which showed only little 
reactivity was oxygenated more specifically than the two longest 
acids although they had higher reactivities. This indicates that 
a fatty acid suited for peroxidation is not always peroxidized 
specifically. In other words, a factor needed to be oxygenated 
and that needed to be specifically oxygenated are not same. 
Gardner [73] suggested that the carboxyl anion form of a sub-
strate arranges itself at the active site of soybean lipoxyge-
nase-1 only in one orientation although its protonated form of 
the substrate c an arrange i tself in either orientation in head to 
Table 7- l. 
Posn•onal and gcomctncal specificity of plant 
hpcl\~ genascs 
Tot:• I carbon w6 wlO 
num~r(11) <Z £) (£.£) (£7) (I·:. E) 
So~ bean 
15 94 4 I 5 3 I 10 
16 99.3 tr ace 07 trace 
17 95.3 1.7 10 20 
18 96.3 0.3 lO 0 .4 
19 95.0 1.9 I 5 1 6 
20 93 6 .u :u l f4tCC 
2 1 90.2 5.3 2 I 24 
2.2 92 6 J 4 4.0 trace 
23 86.2 3 4 9.9 trace 
24 75 6 2.3 :!2. 1 trace 
Cucumber 
17 6S.7 4 0 19 4 1.9 
18 79.2 2.9 17.4 4 ,1 
19 72.5 4.9 16.3 63 
JO 90.0 3.4 4 .4 2.2 
21 92 4 40 :!.8 0.8 
:':! 93 I 5.2 1.1 06 
:!3 90 4 7J I.S 0.5 
:!4 692 25 27 6 07 
\\'heat 
17 10 8 JS l'4 I :! 4 
18 7 I JS S7.7 J 4 
19 It\. I 53 74 7 39 
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tail alignment. At the pH used for the assay (9.0), the carboxyl 
anion forms of the substrates are predominant if the result 
obtained with linoleic acid (apparent pKa of 7 . 9 was reported 
[79]) was applicable to the other fatty acids used here. High 
specificity of oxygenation to the substrates shorter than c 22 
indicates that the recognition of the anion fully functions to 
arrange these substrates only in one orientation even if the 
reaction center of the enzyme is apart from the pro-(S) hydrogen 
attached to the bis-allyl1c methylene. On the contrary, the 
recognition may be weakened with the two longest dienoic acids by 
much elongating the distance between the anion and the site of 
hydrogen removal of a substrate. As a result, these substrates 
get more chance to arrange themselves in reversal orientation to 




/ pentad i ene recogni t 1 on 
~ 
terminal group 
recogn1 t ion 
s 
* 
I [~Ydrogen bond? 1Cn1c 1nteract1on? 
COOH 
normal rearrangement 
inverse (head to ta i1 ) 
rearrangement 
Fig. 7-4. The normal and inverse rearrangement of a substrate 
(linoleic ac1d) 1n the reaction center of lipoxygenases. 
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cucumber lipoxygenase introduced oxygen mainly to w6-position 
of any substrates, which indicates that cucumber lipoxygenase 
recognizes the undissociated form of the terminal group to ar-
range a substrate only in one orientation because the carboxylic 
acid form of a substrate is abundant at pH 6.3. However, the 
distance between the terminal functional group and the site of 
hydrogen removal affected the positional specificity of dioxyge-
nation of cucumber lipoxygenase to a higher extent than that of 
soybean lipoxygenase-1. The substrates shorter than C19 and the 
longest substrate, c 24 , were oxygenated by cucumber lipoxygenase 
with low positional specificities (Table 7-1). Unexpectedly, 
dioxygenation to c 19-dienoic acid which showed the highest reac-
tivity (see Fig. 7-3) was not so specific. The highest specifici-
ty was observed with c 21 - and c 22 -dienoic acids which showed only 
about 50% of the reactivity of c 19-dienoic acid. This result 
indicates that a fatty acid suited for peroxidation is not always 
dioxygenized specifically. The recognition of the terminal group 
of a substrate may not be so strong as that observed with soybean 
lipoxygenase-1 and the substrate recognition site of cucumber 
lipoxygenase can arrange a substrate shorter than C20 in both the 
orientations (Fig. 7-4). One should be noticed that highest 
specificity was observed with fatty acids which were not detected 
in cucumber cotyledons (58]. Because cucumber cotyledons have at 
least two kind of hydroperoxide lyases differ ing in substrate 
specificity as described in Chapter 3, the low specificity ob-
served with linoleic acid may have significance to explain the 
still-unknown physiological role of this enzyme in vivo. 
Only little information was obtained with analyses of the 
products obtained with wheat lipoxygenase because only three 
products could be formed (Fig. 7-3). However. it was suggested 
that recognition of the carboxyl group but not carboxyl anion had 
an important role to arrange a substrate only In one orientation. 
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SUMMARY 
Lipoxygenases were highly purified from soybean seed, wheat 
seed and cucumber cotyledons. Substrate specificities of these 
lipoxygenases were studied by using an entire series of ( w 6Z, 
w 9Z)-C1 3~c24 -dienoic acids as synthetic substrate analogues. 
Soybean lipoxygenase-1 and cucumber lipoxygenase showed broad 
specificities for these substrates while wheat lipoxygenase 
showed narrow specificities. Position of dioxygenation to each 
substrate was analyzed by high performance liquid chromatography. 
With soybean lipoxygenase-1 long distance between the terminal 
carboxyl group and the site of hydrogen removal in a substrate 
decreased the positional specificity of dioxygenation, while, 
with cucumber lipoxygenase, shortening the distance decreased the 
specificity. It was suggested that cucumber lipoxygenase and 
soybean lipoxygenase-1 recognized the terminal carboxyl group of 
a substrate to arrange it only in one orientation at the reaction 
center. In case of wheat lipoxygenase, recognition of the carbox-




An ability to form short chain volatile aldehydes is distrib-
uted in plant kingdom including bryophytes and algae. However, 
the physiological role(s) of the aldehyde-forming activity has 
not been elucidated yet. In this study, the author attempted to 
elucidate physiological role(s) of the volatile aldehyde forming 
system in plants. To this end, properties of the enzymes involved 
in the system should be clarified at first. The author firstly 
purified fatty acid hydroperoxide lyase from tea leaves and 
elucidated properties of the enzyme. The enzyme has an SH-group 
essential to the catalytic activity. Antioxidants having catechol 
moieties such as nordihydroguaiaretic acid are potent inhibitors 
against the lyase . Because these catechols are rich in tea 
leaves, the lyase activity is thought to be at least partly 
regulated in the leaves by these compounds. Furthermore, the 
lyase is rapidly inactivated by its own substrate, fatty acid 
hydroperoxide. Investigation on the inactivation kinetics indi-
cates that the lyase is inactivated in a mechanism-based manner. 
These unique properties of the lyase indicate that the activity 
is under a subtle regulation in vivo. As the substrate of the 
enzyme, fatty acid hydroperoxide, is toxic to plant cells, the 
product, short chain aldehyde, is also toxic. This may be a 
reason why the activity of hydroperoxide lyase is complexly 
regulated. On the other hand, these properties could be applica-
ble to modify flavors of foods originated from plant tissues. 
There exist two isozymes of fatty acid hydroperoxide lyase in 
cucumber cotyledons, which are different in substrate and product 
specificities, i.e., one cleaves 13-hydroperoxide of fatty acid 
to form c 6-aldehydes and the other cleaves 9-hydroperoxide to 
form c 9-aldehydes. Both the activities should be implicated in an 
early growth of seeds because they increased temporary until the 
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seedlings acquires photosynthetic activity. 
With most plants whichever it is monocotyledonous or dicot-
yledonous, lipoxygenase activity temporary increases during an 
early growth of the germinating seeds. This indicates that lipox-
ygenase is also implicated in the germination process. Study on 
lipoxygenase activity in cucumber seedlings suggests that it is 
not involved in gluconeogenesis which has an important role in 
mobilization of carbon source stored in seeds as lipid. Develop-
mental changes of the activity under various light conditions 
suggest that high activity is needed when cucumber cotyledons are 
acquiring an ability to transit to photo-autotrophic growth from 
heterotrophic one. Thus, lipoxygenase in cucumber cotyledons may 
function to promote the transition in aspects of either reconsti-
tution of intracellular organelle or sustainment of the growth 
after gluconeogenesis has terminated. 
Lipoxygenase activity could be also detected in a bryophyte, 
Marchantia polymorpha cultured cells. Properties of the lipoxyge-
nase purified from the moss cells are same as those of the enzyme 
purified from higher plants, but substrate specificity is some-
what differed. It showed the highest activity for y-linolenic 
acid which is rare in higher plants. The lipoxygenase activity is 
enhanced in late- stationary phase of the cell growth. Because 
products of lipoxygenase, fatty acid hydroperoxides, would disor-
der the integrity of membranes, the activity in M. polymorpha 
cells is thought to be associated with senescence of the cells. 
Although lipoxygenases in cucumber cotyledons and M. polymorpha 
cells are elucidated to have almost the same properties, physio-
logical roles of these two lipoxygenases are very different each 
other. 
Because lipoxygenase locates at a division point of the alde-
hyde forming system, substrate and product specificities of the 
enzyme are thought to play an essential role to determine the 
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structure of final products, short chain aldehydes and oxoacids. 
Lipoxygenases in soybean seed, wheat seed and cucumber cotyledons 
are distinguishable each other in terms of product specificity 
and pH-dependency. Comparison of the specificities of these three 
lipoxygenases by using sequentially synthesized substrate analogs 
having different length from the terminal carboxyl group to the 
site of hydrogen removal indicates that mechanisms of the enzyme 
for recognizing the substrate differ each other. Thus, lipoxyge-
nase should have diverged to several forms to meet physiological 
requirement in plants during the molecular evolution. 
Although physiological role(s) of the short chain aldehyde-
forming system in plants could not be fully elucidated, the 
present study is thought to offer much information to promote the 
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